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I n t f o d i i c c i n i i
La biologia evolutiva aborda el estudio de la evoluciôn desde dos 
perspectivas. Por un lado trata de reconstruir e interpretar la historia evolutiva 
de los organismos. Por otro busca elucidar los procesos y mecanismos 
generadores de dicha historia (Futuyma, 1986; O ’hara, 1988). A menudo 
ambas Imeas de estudio se mantienen separadas por las dificultades a la hora 
de integrar diferentes ramas de investigacion, debido principalmente a 
importantes diferencias en las metodologias y objetivos propios (Schlichting & 
Pigliucci, 1998). En algunos casos, sin embargo, el estudio de la historia 
evolutiva y sus procesos causales van unidos de la mano. Asi, por ejemplo, el 
estudio de la diversidad intraespecifica suele implicar una parte descriptiva en 
la que se establecen las caracteristicas de los diferentes linajes asi como las 
relaciones entre ellos y otra parte que trata de explicar los procesos que han 
dado origen a dicha diversidad (Carstens et a i,  2009) .
Consecuencia directa de la evoluciôn es la diversidad que caracteriza a 
los seres vivos. Sin embargo, esta diversidad no siempre résulta évidente. 
Suele ser asi el caso de la existente entre poblaciones de una misma especie o 
incluso de organismos estrechamente relacionados. El desarrollo de técnicas
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moleculares, especialmente desde el ultimo cuarto del siglo XX, ha permitido 
explorar un vasto campo de diversidad, a menudo criptica, que en muchos 
casos resultaba inconcebible no hace muchos anos (Beheregaray & Caccone, 
2007; Trontelj & Fiser, 2009). Se trata de una revolucion que ha afectado a 
todos los niveles y muy especialmente en aspectos bâsicos como por ejemplo 
en el eterno debate sobre el concepto de especie (Wiens, 2004a; Vences & 
Wake, 2007). De este modo el estudio de los patrones de variacion genética 
intraespecifica se ha convertido en un elemento clave que esta permitiendo un 
progreso considerable en nuestros conocimientos sobre los factores que 
influyen en las estructuras poblacionales, en la definiciôn de linajes y en los 
procesos de especiaciôn. En las ultimas décadas este tipo de estudios se han 
visto favorecidos notablemente no solo por el continue desarrollo de las 
técnicas moleculares que permiten cada vez mas la generaciôn de gran 
cantidad de datos acordes a los objetivos planteados en cada proyecto, sino 
también gracias a la apariciôn de nuevos marcos conceptuales en los que 
analizar e interpretar dichos resultados (Avise, 2000; Wiens, 2004a; Buckley, 
2009; Hickerson et a l ,  2010).
- 14-
I n t r o d u c t i o n
Filogeograjïa y diversificaciôn.
La filogeografia es una disciplina que estudia los patrones de 
distribuciôn geogrâfica de los linajes genéticos, norm alm ente a nivel 
intraespecifico o entre especies proximamente emparentadas, asi como los 
procesos que generan dichos patrones (Avise, 2009; Nielsen & Beaumont, 
2009). Al estudiar la diversidad intraespecifica median te una aproximaciôn 
filogeogrâfica, la distribuciôn espacial de los linajes encontrados debe 
analizarse en un trasfondo causal que permita conjeturar que procesos 
histôricos y demogrâficos se encuentran detrâs (Buckley, 2009). Desde este 
punto de vista el objetivo ultimo de la filogeografia puede ser el de aclarar los 
mecanismos microevolutivos y de especiaciôn en su contexto geogrâfico o 
espaciotemporal (Kidd & Ritchie, 2006). Ese ha sido el mayor éxito de esta 
relativamente reciente disciplina, al trascender la mera descripciôn de eventos 
pasados y convertirse en un potente herramienta para recuperar y explicar la 
historia evolutiva de los organismos.
Los origenes de la filogeografia comenzaron a forjarse a finales de la 
década de los 70 del siglo XX, cuando se comenzaron a utilizar marcadores
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mitocondriales para establecer las relaciones genealogicas entre individuos de 
la misma especie (Avise et al, 1979a, 1979b). Entre los resultados de estos 
estudios destacaba la apariciôn de patrones singulares que asignaban una 
distribuciôn geogrâfica estructurada para los diferentes linajes, sugiriendo una 
conexiôn efectiva entre genealogia y geografia (Avise, 2000). El bautizo 
oficial de esta nueva disciplina no se produjo hasta unos pocos anos despues 
(Avise et al., 1987) y, a partir de entonces, el término filogeografia se convirtiô 
en la referenda adecuada para cualquier estudio que pretenda explorar 
procesos microevolutivos a través de las dimensiones espaciales y temporales 
de genealogias especificas (Avise, 2009).
La filogeografia se centra principalmente en el estudio de patrones y 
procesos a nivel intraespecifico, lo que la aproxima en cierto modo a la 
genética de poblaciones. Sin embargo, la genética de poblaciones clâsica se 
centra bâsicamente en el estudio de frecuencias alélicas, mientras que en 
filogeografia se trabaja en torno a genealogias, utilizando con frecuencia 
métodos filogenéticos para generar hipôtesis de trabajo (Avise, 2009). La 
diferencia bâsica entre filogenia y filogeografia reside en el enfoque de esta 
ultima hacia la historia poblacional y demogrâfica de la especie en estudio 
(Avise, 2009).
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Diversidad intraespecifica en anfibios: patrones filogeogrâficos y procesos de 
diferenciaciôn.
Los anfibios se han convertido en uno de los grupos protagonistas en 
los estudios filogeogrâficos. Este auge puede parecer extrano si se piensa que 
durante un largo periodo de tiempo ha sido una clase relativamente marginada 
en comparacion a otros grupos de vertebrados como las aves y los mamiferos. 
Esto puede explicarse de forma general por diferentes ventajas que aportan a la 
hora de plantear ese tipo de trabajos. Por ejemplo, los anfibios suelen ser 
organismos que presentan como norma general una vagilidad limitada y a 
menudo una marcada filopatria hacia los lugares de reproducciôn (Blaustein et 
al, 1994; Beebee, 1996). Como consecuencia suele observarse una fuerte 
estructuracion genética poblacional incluso a escalas geogrâficas pequenas, 
quedando habitualmente sehales patentes acerca de los eventos histôricos que 
han moldeado la distribuciôn actual de los linajes. Por este motivo los patrones 
observados pueden diferir marcadamente de los de organismos mâs môviles, 
especialmente especies animales voladoras o plantas que producen semillas 
capaces de dispersarse a largas distancias (Zeisset & Beebee, 2008). Otros 
aspectos resultan ventajosos desde un punto de vista mâs prâctico. Por
- 17-
I n t r o d u i  t ion
ejemplo, suele resultar sencillo delimitar las poblaciones a estudiar, al 
asociarse de forma mâs o menos estricta a los puntos de reproducciôn y su 
entorno, especialm ente en ciertos ambientes como pueden ser muchos 
ecosistemas mediterrâneos, en los que a menudo los puntos de agua se 
encuentran de forma aislada.
La progresiva acumulaciôn de trabajos concernientes al estudio de la 
historia evolutiva de las especies de anfibios permite tener una idea general 
sobre algunos de los procesos de diferenciaciôn que caracterizan la generaciôn 
de nuevos linajes asi como de la existencia de patrones biogeogrâficos 
comunes en algunas regiones del Planeta (Vences & Wake, 2007; Conn, 
2009). En su revisiôn sobre los procesos de diferenciaciôn y especiaciôn en 
anfibios, Vences & Wake (2007) hacen especial hincapié en las diferencias 
entre los procesos vicariantes y los procesos adaptativos. Los primeros se 
refieren a la divergencia producida por el aislamiento fisico, general mente por 
cuestiones geogrâficas, de diferentes grupos poblacionales que eventualmente 
terminarân por constituir linajes independientes. Estos procesos alopâtricos se 
subdividen a su vez en dicopâtricos (Bush, 1994) y peripâtricos (Mayr, 1954). 
En los procesos dicopâtricos se produce una fragmentaciôn de la distribuciôn 
de un linaje que previamente presentaba una distribuciôn continua, por
- 18-
I n t r o d u c c i o n
ejemplo por un evento orogénico o un cambio en las condiciones ecologicas. 
Los procesos peripâtricos se dan cuando se produce la ocupaciôn de nuevos 
territorios con los cuales se interrumpe el flujo génico, como puede ser por 
ejemplo la colonizaciôn puntual de una isla. Los procesos adaptativos permiten 
la divergencia de linajes pero manteniendo la posibilidad de interacciones 
genéticas. Estos procesos pueden ocurrir en parapatrfa pero también serian los 
responsables de la especiaciôn en situaciones de simpatria (Bush, 1994; Crow 
et al., 2010) e incluiria también la formaciôn de nuevos linajes por procesos de 
hibridaciôn.
A menudo los linajes form ados por alguno de los procesos 
mencionados estân sometidos a episodios continuos de aislam iento y 
recontacto, estableciéndose zonas de contacte secundario, también llamadas 
zonas de sutura (Remington, 1968, Hewitt, 2001, Swenson & Howard, 2004). 
La hibridaciôn en anfibios es un fenômeno habituai y que ocurre incluso entre 
linajes antiguos, con una edad estimada de 21 millones de anos (Wilson et al., 
1974; Prager & Wilson, 1975), por lo que la existencia de zonas de hibridaciôn 
no necesariamente indica tiempos de divergencia recientes. De hecho, en 
ocasiones es posible observar huellas de eventos antiguos de hibridaciôn en los 
patrones genéticos, como queda reflejado por ejemplo por la introgresiôn de
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haplotipos mitocondriales entre especies (Bryson et al., 2010). Aunque pueden 
resultar problematicos desde un punto de vista taxonomico los procesos de 
hibridaciôn a menudo representan excelentes modelos para estudios de 
especiaciôn (Schwenk et al., 2008).
Los datos disponibles relatives a anfibios indican que la diferenciaciôn 
de linajes se produce principalmente por procesos vicariantes, principalmente 
dicopâtricos (Vences & Wake, 2007). Esta idea se ve reforzada por la habituai 
distribuciôn alopâtrica tanto de linajes intraespecificos como de especies 
hermanas (Watson & Littlejohn, 1985; Lynch, 1989; Vences & Wake, 2007; 
Zeisset & Beebee, 2009). En el modelo tipico de diferenciaciôn dicopâtrica el 
aspecto clave es la interrupciôn del flujo génico en relaciôn a la capacidad de 
dispersiôn de cada organism e. Al em plear marcadores moleculares es 
frecuente encontrar entre los anfibios elevados niveles de diferenciaciôn 
geogrâfica. Por el contrario se conocen pocos casos en los que exista flujo 
génico entre todas las poblaciones de una especie. El grado de diferenciaciôn a 
menudo se ve favorecido por ciertos rasgos particulares. la combinaciôn de 
factores neutrales y selectivos que actùan durante largos periodos de tiempo. 
Es el caso en varios grupos de anfibios caracterizados por poseer desarrollo 
directo, como por ejemplo las salamandras del género Thorius en México
20-
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(Hanken & Wake, 1994, 1998) o las ranas del género Philautus en Sri Lanka 
(M anam endra & Pethiyagoda, 2005; M eegaskumbura & M anamendra- 
A rachchi, 2005), que presentan una elevada diversidad especifica 
aparentemente asociada a una gran heterogeneidad ambiental pero también a 
una considerable antigüedad de sus linajes. Sin embargo este tipo de procesos 
diferenciadores también ocurren en organismos de amplia de distribuciôn, con 
estrategias reproductivas comunes en anfibios y con tamanos poblacionales 
grandes, como puede ser el caso de los complejos Pseudacris regilla o Bufo 
viridis en anuros (Recuero et al., 2006; Stock et al., 2006) o de Salamandra 
salamandra dentro del orden Caudata (Garcia-Paris et al., 2003).
Los datos obtenidos a lo largo de los ùltimos anos apoyan la idea 
generalizada de que los anfibios constituyen un grupo de organismos con una 
pobre capacidad de dispersiôn y un considerable grado de filopatria (Blaustein 
et al., 1994; Beebee, 1996) y que estos rasgos tienen una relaciôn directa con 
los frecuentemente marc ado s patrones filogeogrâficos. Las diferencias 
observadas suelen ser el resultado de periodos relativamente largos de 
aislamiento. Por este motivo, la estructura geogrâfica mâs fuerte se observa en 
los lugares con poblaciones mâs estables a lo largo del tiempo. Por el 
contrario, en los casos de origenes recientes, como por ejemplo el de
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poblaciones introducidas por el hombre, la estructura suele ser uniforme (Slade 
& Moritz, 1998; Recuero et al. 2007). Esto no implica, sin embargo, que se 
conozcan casos de expansiones rapidas en anfibios. Por ejemplo, buena parte 
de las especies présentes hoy en dia en el centro y norte de Europa han 
colonizado estas areas desde refugios localizados al sur del continente, 
aprovechando las condiciones favorables aparecidas despues de la ultima 
glaciacion y estableciendo nuevas poblaciones caracterizadas por una baja 
diferenciaciôn genética (ver por ejemplo Larson et al., 1984; Palo et al., 2004; 
Babik et al., 2005; Stock et al., 2008). Sin embargo, es habitual que las 
recolonizaciones estén protagonizadas por un numéro pequeno de especies. 
Segun Wiens (2004b), un componente principal en la formaciôn de linajes por 
alopatria es el mantenimiento de los nichos ecolôgicos ancestrales, ya que la 
falta de capacidad para adaptarse a nuevos ambientes es un factor que favorece 
el aislamiento geogrâfico de grupos poblacionales, dificultando la conexiôn 
entre nùcleos fragmentados y limitando la dispersiôn hacia nuevos territorios. 
Eso implica que las barreras al flujo génico entre poblaciones no son 
necesariam ente accidentes geolôgicos, sino que tam bién puede ser 
consecuencia de factores ecolôgicos, como por ejemplo la presencia de una 
especie competidora que impida la conexiôn entre poblaciones fragmentadas.
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Los procesos adaptatives pueden, a su vez, generar algun tipo de 
barrera mas o menos permeable al flujo génico. En algunos cases el 
aislamiente reproductive puede llegar a ser total, permitiendo incluse procesos 
sim patricos de especiacion (Bush, 1994; Crow et al., 2010), aunque 
generalm ente es dificil establecer si les m écanism es de aislam iente 
reproductive ban actuado come agentes diferenciadores o si ban surgido 
despues de una divergencia previa en alopatria. Existen numerosos aspectos 
que presentan un considerable potencial adaptative a la bora de generar nuevos 
linajes (Vences & Wake, 2007), incluyendo diferencias en la preferencia de 
habitats, seleccion de caractères sexuales particulares, alocronia en les 
périodes reproductives, pedomorfosis, etc. Este ultime factor, per ejemplo, 
podria ser une de les factores desencadenantes de radiaciones adaptativas 
como en el cases del complejo de especies de Ambystoma mexicanum-tigrinum  
(Shaffer & McKnigbt, 1996; Weisrock et al., 2006; Parra-Olea et a i ,  2007; 
Recuero et a l,  2010), un grupe de especies de origen relativamente reciente en 
el que se pueden observar notables niveles de diferenciaciôn ecologica, 
presentando intrincados patrones de especiacion e introgresiôn. Algunas de las 
especies de este grupo {Ambystoma andersoni, A. taylori, A. dumerilii y A. 
mexicanum) son estrictamente pedomôrficas, mientras que en otros casos se 
observan frecuentes casos de pedomorfosis facultativa (Shaffer & Voss, 1996).
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El estudio de los procesos evolutivos implicados en la formacion de este tipo 
de complejos représenta a menudo una tarea complicada, especialmente en los 
casos en los que el conocimiento disponible sobre los organismos implicados 
es limitado, a lo que hay que sumar a menudo situaciones critic as en el estado 
de conservacion ademas de cierta incertidumbre taxonomica.
Al plantear un estudio mediante una aproximacion filogeografica nos 
cuestionamos que procesos han tenido lugar durante la evolucion de un 
determinado linaje, asi como cuando y donde han ocurrido. De esta forma se 
pretende establecer la historia evolutiva del organismo en cuestion, situandola 
en un marco temporal y causal. Los patrones observados pueden ser 
comparados directamente con los datos acumulados para otros organismos en 
las mismas regiones geograficas, lo que se ha convertido en uno de los puntos 
fuertes de los estudios filogeograficos y ha derivado en la llamada 
filogeografia comparada (Bermingham & Moritz, 1998). A través de estas 
comparaciones se puede llegar a un conocimiento mas profundo sobre los 
procesos que han modelado la diversidad en regiones concretas. El analisis 
filogeografico de diferentes especies de anfibios en diferentes regiones 
présenta por tanto el potencial para obtener informacion sobre los procesos
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evolutivos y biogeogrâficos, especialmente los ocurridos desde finales del 
Terciario y a lo largo del Cuatemario (Zeisset & Beebee, 2008).
Objetivos y estmctura de la tests
Esta tesis représenta el compendio de publicaciones producidas durante 
el desarrollo de distintos proyectos de investigacion sobre la sistematica 
molecular de diferentes especies de anfibios y que tienen como objetivo comun 
profundizar en el conocimiento de la historia evolutiva de estos grupos. Las 
publicaciones elegidas se centran en estudios a nivel intraespecifico o bien 
incluyen diferentes especies cercanamente emparentadas. Nos encontramos de 
este modo con una serie de trabajos que analizan desde una perspectiva 
eminentemente filogeografica los patrones de diversificacion.
El primer capitulo se titula “Filogeografia de Pseudacris regilla 
(Anura: Hylidae) en el oeste de Norte America, con una propuesta para 
un nuevo ajuste taxonomico” y se trata de un articulo publicado en el numéro 
39 de la revista Molecular Phylogenetics and Evolution. La region de la costa 
oeste de Norteamérica esta ocupada por lo que tradicionalmente han sido 
consideradas dos especies pertenecientes al género Pseudacris. Una de ellas.
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Pseudacris cadaverina, présenta una distribucion extremadamente reducida 
que se limita al extreme norte de Baja California (México) y al sur de la Alta 
California (Estados Unidos). Por el contrario, Pseudacris regilla se encuentra 
ampliamente distribuida, desde las zonas tropicales y desiertos de Baja 
California hasta los bosques de coniferas de la Columbia Britânica (Canada), 
caracterizândose por una gran plasticidad ecologica asi como por una 
considerable variabilidad que se traduce en la descripciôn de numerosas 
subespecies.
Debido a su amplia distribucion se trata de un organismo ideal para 
estudiar los procesos histôricos que han moldeado la diversidad de esta region. 
De especial interés resultan las poblaciones existentes en las zonas desérticas 
de Baja California, las cuales presentan un grado alto de aislamiento 
poblacional y representan un caso especial, ya que se trata junto a Bufo 
punctatus de las ùnicas especies de anfibios ampliamente distribuidas por esta 
interesante region biogeogrâfica.
En este estudio se analizan secuencias de ADN mitocondrial de 114 
individuos procedentes de 48 poblaciones que cubren la totalidad del area de 
distribucion, utilizando métodos de anâlisis filogenéticos, filogeograficos y de
26-
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demografia histôrica para determinar la historia evolutiva de sus linajes. 
Ademâs, la com paraciôn de nuestro resultados con datos publicados 
correspondientes a marcadores nucleares nos permite plantear una propuesta 
taxonomica para este grupo.
Como segundo capitulo se incluye el artfculo “D ifere n c ia c iô n  
mitocondrial y biogeografia de Hyla meridionalis (Anura: Hylidae): un 
patron filogeografico inusual”, publicado en el numéro 34 de la revista 
Journal o f  B io g eo g ra p h y . En este trabajo se discuten los patrones de 
variabilidad genética asi como los procesos y eventos histôricos que han 
moldeado la distribucion de esta especie, asi com o su diversidad 
intraespecifica. Su distribucion actual abarca buena parte del oeste de la region 
mediterrânea, con presencia tanto en el norte de Africa como en el suroeste de 
Europa. Existen también poblaciones insulares, tanto en islas continentales 
(Menorca), como en islas oceânicas (Canarias). Se trata, por consiguiente, de 
un caso ideal para estudiar fenômenos como el papel del Estrecho de Gibraltar 
como barrera a la dispersion de esta especie, la colonizaciôn de islas oceânicas 
por parte de organismos con una tolerancia osmôtica limitada, o el papel de la 
actividad humana como vector de dispersion para la fauna.
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Para este trabajo se han caracterizado, mediante diferentes secuencias 
de ADN mitocondrial, 112 individuos colectados de 36 poblaciones diferentes 
y representativas de la distribucion total de la especies, permitiendo la 
reconstrucciôn de las relaciones filogenéticas entre los linajes observados y el 
establecimiento del grado de divergencia entre los mismos. Los patrones 
observados ofrecen ademâs una interesante perspectiva sobre los eventos de 
colonizaciôn reciente de esta especie.
El capitulo numéro très, titulado “Historia evolutiva de Lissotriton 
helveticus: evaluaciôn multilocus de la colonizaciôn ancestral o reciente de 
la Peninsula Ibérica”, ha sido enviado a revisiôn a la revista BM C  
Evolutionary B io logy. L issotriton helveticus  es un salamândrido cuya 
distribuciôn actual se restringe a Europa Occidental, extendiéndose por el oeste 
hasta la isla de Gran Bretana y Portugal y hacia el este hasta la Repùblica 
Checa. En la Peninsula Ibérica su distribuciôn se concentra bâsicamente en la 
regiôn Eurosiberiana, con escasa penetraciôn hacia ambientes mediterrâneos. 
Toda su ârea de distribuciôn ha sido fuertemente afectada por los periodos 
glaciales acaecidos durante el Pleistoceno, por lo que se trata de un caso de 
estudio realmente apropiado para estudiar el efecto de estos sucesivos cambios 
climâticos en la distribuciôn y diversidad de los organismos afectados.
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Ademâs, otra peculiaridad de esta especie es su antigüedad, pues se estima que 
su origen, asi como el del resto de especies del género Lissotriton, se remonta 
al Mioceno. La com paraciôn de patrones entre especies estrechamente 
emparentadas y sometidas a los mismos eventos paleoclimâticos puede aportar 
luz sobre las respuestas alternativas que cada linaje présenta ante cambios 
similares.
Para conocer los patrones de diversidad genética en Lissotriton 
helveticus se han empleado secuencias de genes mitocondriales y nucleares. Se 
han analizado un total de 100 ejemplares procedentes de 35 poblaciones. Los 
resultados obtenidos nos ofrecen una visiôn general del efecto de las 
glaciaciones en esta especie y en la medida de lo posible han sido comparados 
con los disponibles para otras especies del género Lissotriton ademâs de otras 
especies con distribuciones similares, de forma que se pueda establecer qué 
factores pueden controlar la respuesta especifica a grandes cambios en las 
condiciones ambientales.
Los capitulos cuarto, quinto y sexto presentan una aproximaciôn al 
estudio de un grupo de especies de compleja situaciôn sistemâtica como es el 
de las especies mexicanas del género Ambystoma. El capitulo cuarto, titulado
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“Habitats acuaticos urbanos y conservacion de especies gravemente 
am enazadas: el caso de A m b y s to m a  m e x ica n u m  (C audata, 
Ambystomatidae)”, ha sido publicado en el numéro 47 de la revista Annales 
Zoologici Fennici. El ajolote {Ambystoma mexicanum) es una especie de 
salamandra caracterizada por su neotenia estricta y endémica del Valle de 
Mexico. Su estado actual de conservacion en estado silvestre es critico. con 
unicamente dos poblaciones salvajes conocidas, ambas amenazadas de forma 
alarmante por factores como el aislamiento poblacional, la contaminacion 
acuatica o la introduccion de especies exoticas entre otros.
No muy lejos de las poblaciones salvajes conocidas, en el parque 
urbano de Chapultepec, se confirm é la existencia de una poblaciôn 
reproductora de salamandras del género Ambystoma en el denominado lago 
Viejo, al aparecer durante las tareas de limpieza del lago ejemplares adultos asi 
como algunas puestas. El examen morfologico de los ejemplares permitio su 
identificacion como Ambystoma mexicanum, procediéndose posteriormente a 
su caracterizacion desde un punto de vista genético utilizando marcadores 
mitocondriales. Nuestros resultados confirman la identificacion morfologica, 
pero también confirman la generalizada falta de monofilia dentro de este grupo 
de especies, por lo que se plantea la necesidad de desarrollar nuevos
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marcadores que permitan la caracterizacion de estas especies y poblaciones a 
escala mas fma.
En este contexto se présenta el quinto capitulo, “Marcadores 
microsatélites polimorficos para salamandras mexicanas del género
Ambystoma’\  publicado en el niimero 7 de la revista Molecular Ecology Notes. 
Las especies mexicanas del género Ambystoma forman un complejo de dificil 
estudio por diferentes motives. Por un lado se trata de una radiacion cuyos 
linajes tienen un origen relativamente reciente pero a menudo con fuertes 
diferencias ecologicas entre ellos, lo que se traduce en complejos patrones 
filogenéticos. Ademas se caracteriza por la adquisicion de manera repetida de 
desarrollo pedomorfico estricto. Por ultimo, en buena parte de los casos las 
poblaciones estan mas o menos aisladas y afrontan graves amenazas de 
conservacion. Estos rasgos convierten a este grupo en un complicado pero 
especialmente interesante objeto de estudio tanto desde un punto de vista 
evolutive como de conservacion.
El desarrollo de marcadores m oleculares altamente variables es 
fundamental para el estudio de complejos como éste y determinar los grades 
de conectividad, flujo génico y estructura poblacional. En este caso se han
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caracterizado varies microsatélites polimorficos que pueden ser empleados en 
diferentes especies del complejo, lo que permitira su empleo no solo en 
estudios de genética de poblaciones, sine futuras aproximaciones para 
clarificar la situaciôn taxonomica del grupo.
El sexto capitule se titula “Aproximacion a la genética de la 
conservacion de poblaciones amenazadas de A m bystom a  (Caudata: 
Ambystomatidae) de M éxico”, manuscrite actualmente en preparaciôn. 
Como ya hemos comentado, este grupo de especies se caracteriza por un 
preocupante estado de conservacion. El grado de amenaza es especialmente 
critico para las especies estrictamente pedomôrficas. Estos animales presentan 
distribuciones muy restringidas y se encuentran de forma aislada en lagos que 
de forma generalizada sufren fuertes perturbaciones derivadas de la actividad 
humana. Por ejemplo, la continua transformaciôn del sistema lacustre del Valle 
de México ha reducido el habitat actualmente disponible para Ambystoma 
mexicanum  a apenas un 1% de su extensiôn histôrica. Ademâs, lo poco que 
queda se encuentra en pobres condiciones, lo que no permitirâ mantener 
poblaciones viables de esta especie a largo plazo si no se toman medidas 
efectivas al respecto. La caracterizaciôn de los patrones de diversidad genética 
de especies y poblaciones amenazadas résulta de vital importancia a la hora de
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disenar planes de conservacion y determinar las prioridades de accion.
En este estudio se caracterizan, mediante el uso de microsatélites, ocho 
poblaciones correspondientes a seis especies del género Ambystoma. Cuatro de 
ellas corresponden a especies con un ciclo biologico tipico, es decir, presentan 
metamorfosis: A. velasci, A. granulosum, A. rivulare y A. altamirani. Las otras 
dos especies son estrictamente pedomôrficas: A. mexicanum  y A. andersoni. Al 
analizar poblaciones con diferentes ciclos biolôgicos se puede comparar el 
efecto de los mismos sobre la estructura genética de las mismas, mas alia de 
los condicionantes locales que puedan sufrir cada una de ellas.
El conjunto de estos seis capitulos pone de manifiesto la existencia de 
una serie de problemas que generalmente pasan desapercibios en estudios de 
caracter biogeografico o de biologia de la conservaciôn. En primer lugar 
destaca el problema de las colonizaciones recientes y su importancia en la 
constituciôn de la fauna de una determinada regiôn biogeogrâfica, lo que a 
menudo conlleva problemas a la hora de aplicar criterios de conservaciôn 
(tanto en el caso de Hyla meridionalis como de Ambystoma mexicanum). 
Desde un punto de vista biogeogrâfico destaca el problema de los movimientos 
a gran escala de especies sujetas a cambios climâticos, con la existencia de
33-
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extinciones y recolonizaciones en areas de ocupacion ancestral. Las 
consecuencias de estos cambios demograficos dependen marcadamente de la 
brevedad del periodo disponible par la recolonizacion lo que en ocasiones 
supone una pérdida significativa de diversidad genética, como en el caso de 
Lissotriton helveticus, y en otros la formacion de linajes genéticamente 
diferenciados, como en el caso de Pseudacris regilla.
El establecimiento de generalizaciones sobre estos procesos requiere la 
estudio comparado de numerosos casos singulares, pero el paso inicial es sin 
duda la puesta de relieve de la existencia de los mismos y la formulacion de 
hipotesis demostrables, objetivo fundamental de esta tesis.
34-
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A b stract
The Baja California populations o f Pseudacris regilla, a widespread species in Western North America ranging from British Columbia 
to southern Baja California, are characterized by extensive geographic fragmentation. We performed phylogeographic and historical 
demographic analyses on 609 bp o f the cytochrome h mitochondrial gene o f 110 individuals representing 28 populations to determine the 
relative influences o f current and historical processes in shaping the present distribution o f genetic diversity on the Baja California Penin­
sula. Haplotypes from this area were nested in a clade with three well-differentiated groups. Two o f these groups are from Baja California 
Sur and another is from California and Baja California. The estimated date for the split of these groups, between 0.9-1 Ma, fits with pre­
viously proposed hypotheses o f vicariance due to different transpeninsular seaways, although successive population fragmentation and 
expansion due to climatic oscillations during Pleistocene glaciations cannot be discarded. Historical demographic analyses detected signs 
of past population expansions, especially in the southernmost group. With respect to populations north of this region, two older clades 
were identified, one with haplotypes mainly distributed in central California, and the other corresponding to the northern half o f the spe­
cies range, in what apparently is a recurrent pattern in the Pacific coast o f North America. Based on the concordance between mt-DNA  
and available allozyme data indicating that these species have a long independent evolutionary history, we propose to consider the three 
major clades as distinct species: P. regilla, P. pacifica. and P. hypochondriaca.
©  2005 Elsevier Inc. All rights reserved.
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1. Introduction
T he Baja C aliforn ia  Peninsu la  (B C P) is characterized  
by a num ber o f  h istorical peculiarities that have long  
attracted  th e interest o f  b io log ists. T his narrow  peninsu la, 
over 1200 km  lon g , is characterized  by great eco log ica l 
and g eo lo g ica l com p lex ity  as w ell as a  high b io log ica l 
diversity , and  thus has been the subject o f  several b io g e o ­
graphic  studies (D u rh am  and A lliso n , 1960; G rism er, 
1994a; Joh n son  and W ard, 2002; M urphy and A guirre-
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L eon , 2002; Savage, 1960; T aylor  and R egal, 1978; 
W iggin s, 1960; W iggins, 1999).
F or vertebrate taxa, three m ain b io g eograp h ica l m o d ­
els have been p o stu la ted  to  exp la in  the current d istr ib u ­
tion  and  d iversity  o f  Baja C a lifo rn ia ’s fauna. T he first 
m od el, a la te  Q uaternary d ispersal related  to  c lim atic  
ch an ges  a sso c ia ted  w ith  g lacia l cycles (Orr, 1960; Savage, 
1960) is based  on  the su ccessive  change o f  eco lo g ica l c o n ­
d it io n s  o f  the area. A  seco n d  m od el p o stu la tes  v icariant 
even ts du rin g  the P liocen e  and  P leistocen e  due to  differ­
ent geograp h ica l barriers th at iso la ted  p o p u la tio n s  m u lti­
ple tim es, the results o f  w hich  are reflected in the d iversity  
pattern s fou n d  in different organ ism s th at exh ib it  
w ell-d ifferen tiated  n orth  vs. sou th  intraspecific  lin eages
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(A guirre et al., 1999; R idd le  et al., 2000a; U p to n  and  
M urphy, 1997). A  third m od el w ou ld  include, as a causal 
factor  to  explain  current patterns, the la te  M iocen e  v icar­
iant event a sso c ia ted  w ith sep ara tion  o f  the BCP from  
m ain lan d  M exico , w hich seem s to  exp la in  the patterns 
observed  in several oth er species (G rism er. 1994a).
T o  test som e o f  these hypotheses. R idd le et al. (2000b) 
analyzed m itochondrial D N A  (m t-D N A ) variation o f  sev­
eral vertebrate species and fou nd  sim ilar patterns in m ost 
o f  the analyzed taxa, supporting the existence o f  past barri­
ers to  gene flow, the m ost com m on pattern being tw o well- 
differentiated north -sou th  clades, w hose divergence 
presum ably dated to the Pleistocene.
U nlike other vertebrate groups, the am phibian com m u ­
nity o f  BCP presents a pattern that apparently fits with the 
existence o f  a peninsular effect (B usack and H edges, 1984), 
with species richness decreasing from  the north to  the south  
o f  the peninsula, and only three species {Scaphiopus couchii, 
Bufo punctatus, and Pseudacris regilla) w idely distributed  
a lon g  the entire peninsula. Interestingly, B. ptm ctatus, the 
only  am phibian species included in the analysis o f  R iddle  
et al. (2000b), d oes not display substantial m itochondrial
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Fig. 1. D istribu tion  o f  P. regilla in western N o rth  A m erica, showing the 
new taxonom ic proposal (the three groups delim ited by solid lines), based 
on allozyme (Case et al., 1975) an d  m t-D N A  d a ta  (R ipplinger and  W ag­
ner, 2004; th is study). P opu la tions sam pled fo r m t-D N A  are m arked  with 
hexagons (R ipplinger and  W agner, 2004) and  black d o ts  (this study, num ­
bers refer to Table 1 ). Sam pled popu lations in the B aja C aliforn ia Penin­
sula are highlighted. C A T  =  C aliforn ia , NV  =  N evada, BC =  Baja 
C alifornia, BCS =  Baja C aliforn ia  Sur, and  SO N  =  Sonora .
variation a lon g  the BCP, but presents a pattern conform in g  
to the third hypothesis (Jaeger et al., 2005).
Pseudacris regilla  is a widespread species present along  
the Pacific coast o f  N orth  A m erica from  southern British 
C olum bia to  the southern tip o f  the BC P (Stebbins, 1985). 
being the m ost abundant and ub iquitous am phibian in 
western N orth  Am erica (Brattstrom  and W arren, 1955; 
M atthew s et al., 2001). Studies o f  m ating call (Snyder and  
Jam eson. 1965), m orphology (Jam eson et al., 1966), allo- 
zym es (C ase et al., 1975), and m t-D N A  (R ipplinger and  
W agner. 2004) have revealed intraspecific variability, and 
several subspecies have been described, o f  w hich seven are 
currently recognized (Crother et al., 2000; D uellm an, 1970). 
In BCP, P. regilla  can be found in m on tane and m esic areas 
as w ell as in desert oases (Grismer, 2002a). A ccord in g to the 
latest taxon om ic revision, two subspecies are present in 
BCP: P. r. hypochondriaca, in the northern portion  o f  the 
Peninsula; and P. r. a tr ia , endem ic to the area south  to the  
V izcaino desert (D uellm an, 1970) (Fig. 1).
In the present study, we used m t-D N A  to determ ine the 
geographic patterns o f  genetic variation am on g the sou th ­
ern (BC P) p op ulation s o f  P. regilla. W e perform ed ph yloge­
ographic and historical dem ographic analyses to determ ine  
such patterns and to postulate a solid  hypothesis for the 
evolutionary history o f  this species in the BCP. Our results 
are d iscussed  in the context o f  our current know ledge about 
general biogeographic patterns in the BCP, w ith im plica­
tions for the taxon om y and conservation o f  the species in 
Baja California.
2. Materials and methods
2.7. Sam pling
W e obtained tissue sam ples from  77 individuals, adults 
and tad poles, from  12 populations on the BCP. The sam ­
pling was com pleted  with 33 individuals from  the M useum  
o f  Vertebrate Z oo logy  tissue bank (U niversity o f  C alifor­
nia, Berkeley) corresponding to 16 add itional pop ulation s  
from  Baja C alifornia, C alifornia (A lta  C alifornia), N evada  
and M ontan a  (Fig. 1; Table 1). P seudacris cadaverina, the 
sister taxon to P. regilla (M oriarty and C annatella, 2004), 
was used as outgroup.
2.2. M itochondria l D N A  amplification and sequencing
T otal genom ic D N A  was extracted from  ethan ol-pre­
served tissues (m uscle, liver, and tail fin from  tadpoles) 
using a p h en ol-ch loroform  p rotocol (Sam brook et al., 
1989), preceded by a digestion with proteinase K. Polym er­
ase chain reaction (PC R ) was used to  am plify 609 bp o f  the 
m itochondrial cytochrom e b gene {cyth), using the primers 
M V Z15 and M V Z18 (M oritz et al., 1992). P C R s were per­
form ed in a  tota l volum e o f  25 pi, including 1 U  Taq  po ly ­
m erase (B iotoo ls, 5 U /m l), 1.0 pi o f  each primer (10  pm ol/L ), 
0 .4 m M  dN T P s (lO nm ol/L ), 1.5 pi M gC lj (2 5 m m ol/L ), and  
67 m M  o f  a reaction buffer (T ris-H C l, pH  8.3, B iotools).
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Table 1
P opu lations sam pled in th is  study
ID Locality L atitude L ongitude n H aplo types
I M éxico: Baja C alifornia: S ierra de la L aguna (1) 23° 31.711' N 110=01.591' W 5 XIX , X X , X X I, X X II, XX
2 Mexico: Baja C alifornia: S ierra de la L aguna (2) 23° 33.019' N 109° 59.500' W 3 X X III, X X IV
3 M éxico: Baja C alifornia: Sierra de la L aguna (3) 23° 32.783' N 109° 58.464' W 7 XIX , X X II, X X III, XXV, X X V I
4 México: Baja C alifornia: Las P arras 25° 58.655' N 111° 27.888' W 9 I
5 M éxico: Baja C alifornia: San Ignacio 27° 17.098' N 112° 53.934' W 15 II, III, IV, V, VI
6 M éxico: Baja C aliforn ia  N orte: La C iénaga 28° 3 6 .8 4 1 'N 114° 02.699' W 5 VII, V III, IX
7 M éxico: Baja C aliforn ia  N orte: C atavina 29° 43.555' N 114° 42.772' W 7 VII, X
8 M éxico: Baja C aliforn ia  N orte: San Telm o 30° 58.554' N 116° 05.882' W 6 XI, X II, X III, XIV
9 M éxico: Baja C aliforn ia  N orte: Ojos N egros 31° 5 2 .7 9 5 'N 116° 21.609' W 4 X III, XV, XVI
10 M éxico: Baja C aliforn ia  N orte: Las H uertas 32° 00.089' N 115° 57.034' W 5 XI, X II, XIV , XVI
11 M éxico: Baja C aliforn ia  N orte: El Tigre 31° 57.150' N 116° 44.048' W 7 XI, X III, XV II
12 M éxico: Baja C aliforn ia  N orte: El Descanso 32° 11.899' N 116° 53.341' W 7 XV, X V II, XV III
13 M éxico: Baja C aliforn ia  N orte: Isla C edros 28° 06.666' N 115° 10.666' W 2 X X VIII
14 USA: C alifornia: San Diego Co., Pala ju nction  on  Hwy. 76 33° 21.918' N 117° 01.926' W 1 XI
15 USA: C aliforn ia: Los Angeles Co., S an ta  M onica M ou n ta in s 34° 06.705' N 118° 46.345' W 1 XI
16 USA: C alifornia: S an ta  B arbara  Co., Buellton 34° 36.656' N 120° 11.951' W 2 XV, X X IX
17 USA: C alifornia: San Luis O bispo Co., Los Padres N tl. Fo rest 35° 17.626' N 120° 19.327' W 1 X X X III
18 USA: C alifornia: San Luis O bispo Co., S an ta  M argarita 35° 25.487' N 120° 34.052' W 1 XI
19 USA: C alifornia: M onterey Co., M cClusky Slough 36° 50.356' N 121° 47.387' W 2 X X X V II, X X X V III
20 USA: C aliforn ia: Shasta  Co., Shingleton 40° 28.077' N 121° 5 3 .0 8 2 'W 1 XI
21 USA: C aliforn ia: A lpine Co., H ighland Lakes 38° 29.446' N 119° 48.159' W 2 XXXV, XX XV I
22 USA: C aliforn ia: T uolum ne Co., K ennedy M eadows 38° 19.634' N 119° 3 9 .4 1 8 'W 1 X X X IX
23 USA: C alifornia: Inyo Co., Surprise Canyon 36° 06.747' N 117° 10.473' W 4 XI
24 USA: C alifornia: Inyo Co., Little Lake 35° 56.218' N 117° 54.343' W 4 XX X, X X X II, X X X III
25 USA: C alifornia: Inyo Co., Indian Joe Canyon 35° 49.772' N 117° 23.620' W 2 XI
26 USA: C alifornia: K ern  Co., Bakersfield 35° 31.909' N 118° 38.806' W 1 XXX
27 USA: N evada: Nye Co., Beatty 36° 54.500' N 116° 45.500' W 3 X X X I
28 USA: M ontana : M issoula Co., C lark  F ork  River 46° 49.017' N 113° 42.153' W 2 X X X IV
G eographical coordinates, num ber o f  individuals sam pled (n) and  haplo types found (see also Figs. 2 and  4).
PC R s consisted  o f  35 cycles with a denaturing tem perature 
o f  94 °C  (1 m in), annealing at 56 °C (1 m in), and extension  
at 72 °C (1 min). D ouble-strand tem plates were cleaned  
using sod ium  acetate and ethanol to  precipitate the PC R  
products and then re-suspended in 22 pi o f  ddH jO . 
Sequencing reactions were perform ed for both  strands and  
sequenced on  an A BI PR ISM  3700 D N A  sequencer fo llo w ­
ing the m anufacturer’s instructions.
2.3. Sequence a lignm ent and phylogenetic  analyses
A ll sequences were com piled using Sequence N avigator  
version 1.0.1 (A pplied  B iosystem s) and aligned m anually. 
Thirty-seven add itional hap lotypes obtained from  G en- 
Bank (A ccession  N os. A Y 363181-A Y 363219 , R ipplinger  
and W agner, 2004), corresponding to  20 pop ulation s from  
W ashington, O regon, and Idaho were added to  the final 
alignm ent for the ph ylogen etic analyses. G enetic divergence  
(p-uncorrected and m axim um  lik elih ood (M L )-corrected  
sequence divergence) in pairwise com parisons were calcu­
lated using the softw are P A U P * 4 .0 b l0  (Swofford, 2002). 
M ean sequence divergence between groups w as calculated  
with M E G A 2 (K um ar et al., 2001).
Phylogenetic analyses including all hap lotypes were per­
form ed with P A U P . M axim um  parsim ony (M P ) p h y logé­
nies were estim ated using the heuristic search algorithm  
with T B R  branch swapping and 10 random  addition  
sequence replicates. Each base p osition  was treated as an
unordered character w ith four alternative states. W e used 
nonparam etric b ootstrapp ing  (1000 pseudoreplicates) to  
assess the stability  o f  internal branches in the resulting  
top o log ies (F elsenstein , 1985).
D ata  were analyzed  with the softw are M odelT est 3.6 
(P osad a and  C randall, 1998) to  determ ine the substitu tion  
m od el that best fit our data  for subsequent m axim um  likeli­
h ood  analyses (M L , Felsenstein , 1981) and to calculate the 
transition/transversion ratio. M L  analyses were perform ed  
using the heuristic search algorithm  in P A U P  with m odel 
param eters estim ated  w ith M odeltest. W e used non para­
m etric bootstrapp ing  (100 pseudoreplicates) to  assess the 
stability o f  internal branches.
Bayesian phylogenetic analyses were conducted with  
Mr Bay es 3.0 (H uelsenbeck and Ronquist, 2001). Analyses 
were initiated w ith random  starting trees and run for
2,500,000 generations, sam pling every 100 generations. O f the 
resulting 25,000 trees, 2000 were discarded as “bu m in.” P os­
terior clade probabilities were used to assess nodal support.
W e tested the null hyp othesis o f  clock like rates in our  
sequence dataset w ith a  lik elih ood  ratio test (F elsenstein, 
1981) as im plem ented  in M odelT est 3.6.
2.4. M olecular d iversity , genetic structure, and  
ph ylogeograph ic  analyses
Estim ates o f  m ean nu cleotide and h ap lotype diversities 
within the m ain  m t-D N A  lineages identified by the
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previous analyses within P. regilla  were calculated with  
D N A S P  4.0 (R ozas and R ozas, 1999). W e also used analy­
sis o f  m olecular variance (A M O V A , Excoffier et al., 1992) 
to  characterize patterns o f  genetic variation at different 
hierarchical levels (individuals, populations, and the m ain  
m t-D N A  lineages identified by ph ylogenetic analyses) as 
im plem ented by A rlequin v. 2000 (Schneider et al., 2000). 
Levels o f  significance o f  statistics characterizing variation  
at different hierarchical levels were assessed through
100,000 perm utations.
Phylogeographic analyses were based on  a nested cladis- 
tic analysis (N C A ) o f  hap lotype data. W e constructed a 
haplotype netw ork from  m t-D N A  sequences using the so ft­
ware TCS 1.18 (C lem ent et al., 2000), w hich fo llow s the sta ­
tistical parsim ony algorithm  described in T em pleton et al. 
(1992). Then, a nested statistical design was used follow ing  
the general guidelines provided by T em pleton  et al. (1995). 
Finally, we tested for the existence o f  geographical associa­
tion s o f  the different clades by m eans of: (i) a categorical 
test, in which clades show ing genetic and /or geographic  
variation are tested against their geographical location  
(perm utational contingency analysis, see T em pleton et al., 
1995); and (ii) a second test that incorporates the inform a­
tion on geographical d istances and relative positions  
am on g the sam pled populations. These tests were per­
form ed with the G eo D is  2.2 softw are package (Posada  
et al., 2000, 1,000,000 perm utations), and the evolutionary  
patterns were identified fo llow ing  the inference key  
(updated 14th July 2004) provided by these authors with  
G eo D is  2.2.
2.5. H istorica l dem ography
T o explore the dem ographic histories o f  the main mt- 
D N A  lineages w ithin P. regilla, m ism atch analysis o f  mt- 
D N A  sequences w ithin each group w as perform ed with  
A rlequin v. 2000 (Schneider et al., 20(X)). T his analysis co m ­
pares the frequency distribution o f  pairwise differences 
betw een hap lotypes with that expected under a m odel o f  
pop ulation  expansion. The fit o f  observed versus m odeled  
distributions is assessed by a goodn ess-of-fit statistic (p), 
w hose significance is tested using a bootstrap approach  
(1000 replicates). T he frequency distribution is usually uni- 
m odal for lineages that have undergone recent population  
expansions and m ultim odal for lineages w hose populations  
are either subdivided or in equilibrium .
A  com plem entary approach to analyze the historical 
dem ography o f  the main lineages within sam pled popula­
tions o f  P. regilla  was based on  the coalescent-based m ethod  
o f  Kuhner et al. (1998). This m ethod calculates m axim um  
likelihood estim ates o f  theta (0ml)> where 6  equals twice 
fem ale effective population size (N e) times m utation rate {p), 
and an exponential growth parameter (g). Both parameters 
and their standard deviations were calculated using the so ft­
ware Fluctuate 1.4 (K uhner et al., 1998). Each M arkov chain  
M onte Carlo run consisted o f  10 short chains (with sampling 
increments o f  10; 1000 steps/chain) and 10 long chains (sam ­
pling increment: 10; 20,000 steps). A neighbor-joining tree 
based on uncorrected distances was used as a starting tree. 
W e used several different starting values for g  and performed  
different replicates with different seed numbers to check for 
convergence o f  results. W e follow ed the criterion o f  Lessa  
et al. (2003) for the interpretation o f  results and assum ed  
population growth if  g  was consistently higher than three 
tim es its standard deviation (SD).
A dditionally , F u ’s tests o f  neutrality (Fu, 1997) were 
perform ed for sequences w ithin each o f  the previously iden­
tified m t-D N A  lineages. Significant negative values o f  F u ’s 
statistics can be interpreted (in the absence o f  selection , as it 
is assum ed to be the case for m t-D N A ) as a signature o f  
p op ulation  expansion. T his statistics w as calculated  with 
A rlequin v. 2000 and its significance was assessed  through
10,000 sim ulations.
3. Results
3.1. P hylogenetic analyses
N o insertions or deletions were present in the sequences 
obtained. Fifty-nine variable position s were found am ong  
the 110 sequences o f  cy tb  in the sam ples o f  P. regilla  ana­
lyzed, defining 39 different hap lotypes (Fig. 2; and T able 1). 
T hese m utations involved  nine non -syn onym ou s substitu­
tions. The T rN  + I + G  m odel o f  evolu tion  was selected by 
A IC  in M odelT est 3.6. T he M L -estim ated transition -trans- 
version ratio was 20.6. A ll sequences were deposited in 
G en Bank under A ccession  N os. D Q 1951 6 9 -D Q 195207.
The phylogenetic analyses recovered well-structured  
trees w ith three m ain groups (Figs. 2 and 3): a “northw est­
ern” group present in W ash ington  and Oregon; a “central ” 
group, distributed from  Central C alifornia through eastern 
O regon and Idaho to w estern M ontana; and a “southern” 
group, distributed in the southern h a lf o f  C alifornia and in 
the BCP. T he “southern” group includes the p op ulation s o f  
P. r. hypochondriaca  and th ose corresponding to P. r. curta, 
w hich are in turn separated into  tw o  clades corresponding  
to the pop ulation s from  the Sierra de la  L aguna (“ L aguna” 
group) and p op ulation s from  oases south  to  the V izcaino  
D esert (Las Parras and San Ignacio, “O ases” group). In 
general, bootstrap values are m oderate to low  in the “hypo­
chondriaca" group, probably  due to  the overall low  number 
o f  variable characters in the dataset (F igs. 2 and 3). M L- 
corrected sequence divergence values ranged from  0.17 to  
1.63% between sam ples from  Sierra de la L aguna, 0.17 to  
0.69% between sam ples from  Las Parras-San Ignacio, and  
0.17 to  1.87% betw een sam ples w ith in P. r. hypochondriaca. 
W ithin P. r. curta, hap lotypes from  La L aguna and Las 
Parras-San Ignacio differed by 1.26 to 2.99%. Differences 
betw een groups ranged from  1.26 to  3.98% betw een P. r. 
a ir ta  and P. r. hypochondriaca, and 3.96 to 8.50% between  
both  subspecies and sam ples from  the “central” group. 
M ean p-uncorrected distances betw een groups were 4.18%  
betw een the “curta” and  “central” clades, 3.39% between  
“hypochondriaca” and  “central,” 1.91% between
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Fig. 2. N eighbor-jo in ing  tree based on  m axiraum -likelihood corrected genetic distances depicting relationships betw een cyth  haplo types (Table 1 ) from  the 
“S o u th ern ” and  “C e n tra l” clades in this study. B oo tstrap  values (M P, M L, and  % Bayesian posterio r probabilities) at relevant nodes are shown. The main 
groups used in the nested clade analysis o f  sequence da ta  are also shown (see also Fig. 4). H aplotype XI also occurs in some C entral C lade populations.
'"hypochondriaca” and “c u r ta ” and 1.71% w ithin the 
'"curta” clade. D istances betw een the “northw estern” group  
and the other tw o  ranged from  5 to  6.5%.
The results o f  the lik elih ood  ratio test show ed no signifi­
cant differences in the lik elih ood  scores when com paring  
trees estim ated w ith  or w ith ou t enforcing a m olecular clock  
(with: - l n Z , =  1972.2613; w ithout, - l n L =  1929.5946,
ratio =  85.333496; d f  =  77; /> =  0.24133). Thus, the null 
hypotheses o f  h om ogen eou s evolutionary rates am on g  
sequences can n ot be rejected.
Subsequent analyses were perform ed on  the three m ain  
m t-D N A  lineages recovered w ithin “southern” pop u la­
tions: the “ La L aguna” group (populations 1-3), the 
“oases” group (p op u la tion s 4 -5 ) , and the “hypochondriaca” 
group (p opulations 6 -1 8  and 22-26).
5.2. M olecu lar d ivers ity
Values o f  nu cleotide and hap lotype diversity are pre­
sented in T able 2. In general, the values o f  hap lotypic diver­
sity observed are high (0 .78-0 .90) and sim ilar between the 
m ain m t-D N A  lineages, a lth ough  it w as always highest in
the hypochondriaca  group, where up to 18 hap lotypes were 
observed, and low est in the “oa ses” group (six haplotypes).
R esults from  A M O V A  indicate that m ost o f  the 
observed variation am on g m t-D N A  lineages is related to 
differences betw een groups (68.03% o f  the total variance 
observed). Low er values were observed for variance related  
to  differences am on g pop ulation s w ithin groups (15.50%) 
and within pop ulation s (16.47%). A ll hierarchical co m p o ­
nents o f  genetic variation were highly significant
(p< 0.0001).
5.5. P hylogeography
H aplotypes from  the “central” and “northw estern” 
groups fall outside the 95% confidence lim it for the m axi­
m um  parsim ony connection  o f  hap lotypes, w hich was fixed 
at 10 m utational steps. The rem aining 33 hap lotypes were 
arranged in a nested design w ithin a single five-step clade  
(Fig. 4). T he three m ain m t-D N A  groups recovered in the 
ph ylogen etic analyses o f  hap lotypes (“L aguna,” “O ases,” 
and “hypochondriaca”) corresponded to three-step clades 
3 -4 , 3 -1 , and 3 -2  + 3 -3 , respectively.
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Fig. 3. M axim um  likelihood tree ( - I n  2 ,=  1937.4627) o f  cyth  sequences (Ripplinger a nd  W agner, 2004, this study) showing the new proposal o f taxonomic rear­
rangem ent for populations formerly included within of P. regilla. Bootstrap values (M P and % Bayesian postenor probabilities) at relevant nodes are shown.
T able  2
M olecular diversity (num ber o f  haplotypes, nucleotide and  haplo type diversity), F u ’s Fs statistic and  m axim um  likelihood historical dem ographic p aram ­
eters: 0 (l/sites*generation) a n d  g  (l//i*generations) in the m ain m t-D N A  lineages w ithin P. regilla identified in the present study
m t-D N A  lineage N N o. o f haplotypes N ucleotide diversity (SD) H ap lo type  diversity (SD) F u ’s Fs g (S D ) 0 (S D )
hypochondriaca 64 18 0.006 (0.003) 0.904 (0.025) -4 .5 6  ns 319.681 (150.158) 0.015(0.002)
Oases 24 6 0.003 (0.002) 0.790 (0.051) -0 .3 1  ns 248.484(334.163) 0.003 (0.001)
L aguna 15 9 0.005 (0.003) 0.886 (0.069) -2 .87* 857.048 (229.564) 0.027 (0.010)
S tan d ard  deviations (SD) in parentheses N =  sample size.
• significant.
W e found significant geographical associa tion  betw een  
clades and their geographical location s at all nesting levels 
(T able 3). H ypotheses derived from  the interpretation o f  D c  
and D n  values according to  T em pleton’s (2004) updated  
inference key are also sh ow n  in T able 3. For clade 1-1, 
including hap lotype I (characterizing all individuals from  
the p op ulation  o f  Las Parras, see T able 1), and the h ap lo ­
types II, IV, and VI (found only in the pop ulation  o f  San
Ignacio), the analysis cou ld  n o t discrim inate between long  
distance m ovem ents and the com bined effects o f  gradual 
m ovem ent during a past range expansion and subsequent 
fragm entation. T he sam e inference was produced for clades 
3 -2  (haplotypes from  southernm ost populations o f  the 
hypochondriaca  group— including Isla C edros— vs. hap lo­
types from  som e northern pop ulation s o f  hypochondriaca) 
and clade 4 -2  (h ap lotyp es nested within clade 3 -2  vs.
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t'ig, 4. N ested design fo r the statistical parsim ony haplo type netw ork o f  cytb  sequences from  P. regilla in this study  (see hap lo type designation  in T able 1). 
Table 3
Results o f the nested eladistic analysis o f  haplo types o f P. regilla
H aplotype group C hi-square statistic Inference chain Inferred event
C lade 1-1 18.00 <0.0001) 1 2 -3 -5 -1 5 -2 1 Insufficient genetic evidence to  d iscrim inate betw een long distance m ovem ents 
and  the com bined  effects o f  g radual m ovem ent d u n n g  a past range expansion and  
fragm entation  (Las P arras, S. Ignacio)
Clade 1-18 8.00 (ns) 1 19 A llopatric  fragm enta tion  (Isla C edros, La C iénaga-C atavina)
C lade 2-3 9.30 (ns) 1 2  3 ^ R estricted gene flow w ith iso lation  by d istance (Isla C edros, L a C iénaga, C atavina)
C lade 2 4 21.61 ( f  <0.01) 1 -2 -11-17  4 R estricted gene flow w ith iso la tion  by d istance (San Telm o-L as H uertas, N evada- 
S. C alifornia)
C lade 3-1 4.80 (ns) 1 - 2 - 3 ^ R estricted  gene flow with iso la tion  by d istance (S. Ignacio, S. Ignacio-L as P arras)
Clade 3-2 18.00 (p <  0.001) 1 -1 9 -2 0 -2 -1 1 -1 2  13 21 Insufficient genetic evidence to  d iscrim inate betw een long d istance m ovem ents and  
the com bined  effects o f  g radua l m ovem ent d u ring  a p ast range expansion  and  
fragm entation  (La C iénaga-C atav ina-Isla  Cedros, El Tigre-El Descanso)
C lade 4-1 32.57 ( f  <0.0001) 1-19 A llopatric  fragm enta tion  (La L aguna, L as Parras-S . Ignacio)
C lade 4 -2 51.27 ( f  <0.0001) 1-2 -11-12-13-21 Insufficient genetic evidence to  discrim inate  betw een long d istance m ovem ents and  
the com bined  effects o f  g rad u a l m ovem ent d uring  a p ast range expansion  and  
fragm enta tion  (La C iénaga-C atav ina-Isla  Cedros-E l Tigre-E l D escanso, N evada- 
S. C aliforn ia , BC N )
Total cladogram 104,00 (p <  0.0001) 1-19 A llopatric  fragm enta tion  {curta, hypochondriaca)
F o r each clade show ing geographic a n d /o r genetic varia tion , results o f  the categorical % test, a n d  inference chain  and  inferred  events a fte r the geographi­
cal distances tests are presented.
haplotypes from  all other populations o f  hypochondriaca). 
A llopatric fragm entation was inferred for clades 1-18  
(including hap lotype X X V III, exclusive o f  individuals from  
Isla Cedros, vs. hap lotypes from  inland southernm ost p op ­
ulations o f  hypochondriaca), 4 -1  (haplotypes found in La 
Laguna vs. th ose found in Las Parras and San Ignacio), and
the to ta l cladogram  (h ap lotyp es from  P. r. curta vs. P. r. 
hypochondriaca). F inally, restricted gene flow  w ith iso lation  
by distance w as inferred for clades 2 -3  (haplotypes nested  
w ithin 1-18  vs. hap lotypes fou nd  in  the p op u lation  o f  La 
C iénaga vs. hap lotypes fou nd  in C atavina), 2 -4  (haplotypes  
from  San T elm o and Las H uertas vs. hap lotypes from
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Fig. 5. M ism atch d istribu tions o f cytb  sequences in the three m t-D N A  lineages identified in this study. Solid bars represent the observed frequencies o f 
pairwise differences between haplotypes; open bars represent those expected un d er the m odel of popu lation  expansion.
N evada and southern C alifornia), and 3-1 (haplotypes III 
and V, exclusive from  S. Ignacio, vs. hap lotypes nested  
within 1-1).
3.4. H istorica l dem ography
The m ism atch distributions for the three m ain m t-D N A  
lineages identified are presented in Fig. 5. The pop ulation  
expansion m odel was not rejected in either case (p =  0.20, 
0.54, and 0.93, respectively).
Fem ale effective population size (0) and growth (g) were 
estimated by M L for the three “southern” lineages. The 
results are presented in Table 2. T he values o f  0 obtained in 
different sim ulations were always higher in the “L aguna” 
group, being on average m ore than tw o tim es the values
observed for the hypochondriaca” group and alm ost 10 
times higher than those from  the “O ases” clade, suggesting  
differences in ancestral population sizes in these lineages. M L  
estimates o f  g  for each o f  these groups show ed the sam e 
trends, being highest in the “Laguna” group and low est in 
the “O ases” group. The only lineage that consistently show ed  
high and positive values o f  g  and where g  > 3 SD  (g) was the 
“Laguna” group. The “hypochondriaca” group always had  
positive values o f  g , but different runs produced inconclusive  
results on the basis o f  the criterion em ployed (1 < g  >  4 S D  (g) 
in different simulations). Finally, the “O ases” group did not 
show  evidence o f  dem ographic expansion, with g  values asso­
ciated with high standard errors.
The results o f  F u ’s neutrality tests were non significant 
for the “O ases” (F u ’s Fs =  —0.31) and “hypochondriaca”
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groups (Fs =  -4 .5 6 ) ,  whereas they were significant for the 
“ L aguna” group (Fs =  - 2 .% l ,p <  0.05) (Table 2).
4. Discussion
4.1. E volutionary h istory  and taxonom y o f  P. regilla
The results o f  this study show  three main haplotype clades 
(“northwestern,” “central,” and “southern”) congruent with  
allozym e-based phenogram  o f  Case et al. (1975) (see their 
Fig. 1). Case et al.’s (1975) allozym e analysis revealed three 
major groups within P. regilla, characterized by high genetic  
distances (m ean values ranging from  0.18 to 0.21). Our 
“southern” {hypochondriaca + a tr ta )  clade w ould corre­
spond to the southern Califom ia-B aja California group in 
C ase et al. (1975), while our “central” clade (including central 
California, Idaho, eastern Oregon and M ontana) w ould cor­
respond to their central California group. Finally, our 
“northwestern” group, with populations from  W ashington  
and Oregon corresponds with the third group in Case et al. 
(1975), which included populations from  Oregon. Levels o f  
genetic diversification within the “northwestern” clade are, 
however, much lower than those observed in southern pop u­
lations. Thus, there is concordance between nuclear (allo- 
zym es) and m t-D N A , although the latter suggests 
substructuring within the southern C alifom ia-B aja  C alifor­
nia group. Unfortunately, the analysis o f  Case et al. (1975) 
lacked samples from  the southernm ost population in BCP  
(L os C abos region. La Laguna), and thus m ore sam ples 
w ould be needed to confirm  this pattern.
A m on g the hap lotypes analyzed from  pop ulation s on  
the BCP, there is a clear division betw een southern and  
northern populations. T his pattern has been observed in 
several vertebrates in the region (see R iddle et al., 2000b), 
leading to the resurrection o f  an o ld  b iogeographical 
hypothesis consisting  o f  vicariance due to  a m idpeninsular  
seaw ay (Johnson, 1924; N elsen , 1921). This seaw ay was 
thought to exist approxim ately 1-1 .6  M a (R iddle et al., 
2000b; U pton  and M urphy, 1997), alth ough  there is no g eo ­
logical evidence for a seaw ay at any tim e in the past.
T o  elucidate the possible events that caused the observed  
patterns, it is im portant to determ ine the age o f  the split, 
but the application o f  m olecular c lock s is not alw ays 
straightforward. F or cy tb  in am phibians, published  
sequence divergence rates range from  0.8% (Tan and W ake, 
1995) to  3.6% (B abik et al., 2004). R ipplinger and W agner  
(2004) used a divergence rate for P. regilla  o f  2%, w hich lies 
w ithin the m entioned range for am phibians and is con sis­
tent w ith data for other vertebrates (W ilson et al., 1985). 
A ccordin g to th is calibration , the split betw een “hypochon­
driaca” and “a ir ta ” occurred around 1 M a, and subse­
quently, pop ulation s o f  “curta” fragm ented abou t 0.9 M a. 
This estim ation  w ould  be in close agreem ent with the p o s ­
tu lated m idpeninsular seaw ay, 1-1 .6  M a. H ow ever, to  
explain the phylogeographic structure observed w ith in the  
“curta” clade w ould also  require another barrier to  d is­
persal located in the area o f  the Isthm us o f  La Paz. A guirre
et al. (1999) studied patterns o f  genetic structure in Urosau- 
rus and suggested this add itional seaway. T hese authors 
dated both  seaw ays around 1.5 M a. A ssum ing that there 
w as a sea-level increase that flooded part o f  the central Pen­
insula (see H aq et al., 1988), it w ould not be unlikely that it 
happened som ew here else, especially in the area o f  the Isth ­
m us, w here m axim um  elevation  is abou t 10 m  above sea  
level (G rism er et al., 2002b; see also M urphy and Aguirre- 
Leon, 2002). However, at present, there is no geological 
evidence for the existence o f  two or m ore transpeninsular 
seaways in Baja California in the Pleistocene and the inferred 
locations vary over a wide latitudinal range o f  about 650 km  
depending on  the taxonom ic group examined.
A lternatively to the m idpeninsular seaw ay hypothesis, 
the observed pattern m ight be associated with glacial events 
during the Pleistocene. In that period, environm ental con d i­
tions in BC P were m ore m esic than at present (U p ton  and 
M urphy, 1997). Based on  these glacial events. Savage  
(1960) proposed  a general biogeographical scenario for the 
BC herpetofauna involving a succession  o f  fragm entations  
o f  the distributional ranges o f  m esophilic  species related to  
aridification processes during interglacial periods, fo llow ed  
by range expansions during glacial m axim a. Our data also  
fit this m odel, w hich is sim ilar to those proposed  for other  
peninsulas affected by Pleistocene g laciations (see for exam ­
ple Taberlet et al., 1998).
T he deep divergence betw een the three m ain clades sug­
gests som e vicariant events dating at least from  the Pliocene  
that affected the Pacific coast o f  N orth  Am erica. R ipplinger  
and W agner (2004) related the differentiation o f  their 
“C oasta l” and “Inland” clades w ith the orogeny o f  the C as­
cade M ountains, w hich began approxim ately 4  M a ago and 
drastically changed the environm ental cond itions o f  the 
area. A pparently, this event has caused a genetic div ision  in 
other taxa from  this region (Carstens et al., 2004; G ood , 
1989; H ow ard et al., 1993; N ie lson  et al., 2001; Steele et al., 
2005) and together with the uplift o f  other m ountain  chains 
on the Pacific C oast has produced repetitive patterns o f  
genetic d iversification across m ultiple taxa (C alsbeek et al., 
2003; Shaffer et al., 2004).
4.2. E volu tionary h isto ry  o f  P. regilla in Baja California
T he h ighest level in our nested eladistic analysis consists  
o f  tw o m ain four-step clades, one restricted to southern  
BCP and the other distributed in Baja C alifornia, C alifor­
nia, and western N evada. T hese clades, according to T em ­
pleton  (2004) inference key, form ed after allopatric  
fragm entation o f  the ancestral stock for both  groups. A s  
stated above, fragm entation  betw een hypochondriaca  and  
curta  w ou ld  have occurred around 1 M a ago, while frag­
m entation  o f  curta  in to the “L aguna” and “O ases” groups  
occurred around 0.9 M a. U nfortunately, w e lack sam ples 
from  low land s in the C ape region that w ould  provide add i­
tional inform ation  on  the events that affected the “curta” 
clade, and to  discrim inate the possib le alternative evo lu ­
tionary scenarios.
-57-
( a j u t u t u  I
3 0 2 E. Recuero el al. / M olecular Phylogenetics and Evolution 39 (2006 ) 293 304
Sam ples w ithin the “hypochondriaca” group were c lu s­
tered into tw o third-level clades. O ne o f  them  included the 
populations from  the southern part o f  the distribution, 
associated m ainly with arid regions (Grism er, 1994b), and  
also the pop ulation  from  Isla Cedros. Between these tw o  
groups, the inference key offers tw o  alternative hypotheses  
to  explain the observed pattern: lon g  d istance m ovem ents  
or a gradual range expansion  fo llow ed  by fragm entation. 
The lim ited dispersal abilities o f  this species, and o f  
am phibians in general (Sm ith and G reen, 2005), m ake  
unlikely the existence o f  long distance m ovem ents, and thus 
we favor the hypothesis o f  range expansion  and subsequent 
fragm entation o f  the p op ulation s due to recent desertifica­
tion. W e also favor the sam e hypothesis to  explain the pat­
tern observed in the clade con ta in in g  the p op ulation s from  
Las Parras and San Ignacio (the “O ases” group), w hich at 
present are also  surrounded by unsuitable habitat (G ris­
mer, 1994b).
A llopatric fragm entation was inferred for the clade  
including the hap lotype found in individuals from  Isla C ed­
ros and those from  La C iénaga and C atavina. Isla Cedros 
was once a prolongation  o f  the V izcaino Peninsula  
(Grism er et al., 1994), but has been isolated from  the m ain­
land during the last 9000-15 ,000  years (M urphy et al., 1995; 
W ilcox, 1978). Other species have relict p op ulation s on  this 
island (G rism er and M ellink, 1994; Grism er et al., 1994) 
and som e o f  them  were form erly described as endem ic taxa  
(Grism er, 1988; Grism er et al., 1994; M ontanucci, 2004; 
M urphy et al., 1995).
There are signs o f  dem ographic growth in the three main  
m t-D N A  lineages, but the sign is strongest in populations  
from  the Sierra de La Laguna. T he “hypochondriaca” group  
is characterized by relative dem ographic stability, but there 
are also som e restrictions to gene flow, especially  apparent 
in pop ulation s from  arid areas betw een the southernm ost 
pop ulation s w ithin this group and also betw een these and  
populations from  m ore m esic habitats north to  El R osario.
W ithin the “O ases” clade, p op ulation s are prone to iso ­
lation due to the arid conditions o f  the surrounding area, 
and frogs are confined to  areas where w ater is available  
(Grism er, 2002a). T he results o f  the nested eladistic analysis  
for this clade indicate restrictions to gene flow  between  
sam pled populations.
W e found som e differences betw een the results o f  the 
different tests used to infer h istorical dem ographic trends in 
the three m ain groups detected. In general, F u ’s tests and  
M L estim ates o f  dem ographic param eters appear m ore  
conservative than m ism atch distributions. In any case, co n ­
gruence betw een different tests w ith regard to  the historical 
dem ography o f  the “ L aguna” group points to  th is region as 
an im portant réfugiai area for P. regilla  in Baja California. 
Further studies are, how ever, required to  confirm  other  
réfugia a lon g  the BCP. T he analysis o f  m ore variable 
nuclear markers, such as m icrosatellites, w ould  provide  
very useful in form ation  to  ascertain present dem ographic  
trends and to  contrast them  to the historical events inferred  
from  m t-D N A  analyses.
4.3. Taxonom ic im plications
A ccording to the results o f  the ph ylogeographic analy­
ses, the “southern” clade includes two pop ulation  groups  
that appear to constitu te well-differentiated, independent 
evolutionary lineages currently in allopatry. G enetic diver­
gence between “curta” and “hypochondriaca” suggests an 
older split o f  the tw o groups than was suggested by Jam e­
son et al. (1966) in their taxon om ic revision o f  the species, 
where they explained the significant m orphom etric differ­
ences between pop ulation s from  different regions through­
out the species range on the basis o f  the clim atic oscillations  
in the last 11,000 years.
The “central” clade is represented in our sam ple by 
populations corresponding to P. r. palouse  from  M ontana, 
P. r. sierrae  from  the Sierra N evada o f  California, and P. r. 
regilla  from  Central California. T he sam ples from  Idaho  
and Eastern O regon included by R ipplinger and W agner  
(2004) in their “ inland clade” are also included in this clade. 
All other sam ples used by these authors and included in 
their “coastal c lade” form  a basal highly differentiated  
“northw estern” clade, w hich is basically concordant with  
the range o f  P. r. pacifica.
From  the allozym e data published by C ase et al. (1975), 
H ighton (2000) rejected the idea o f  P. regilla  representing a 
single species. T he inform ation provided by the work o f  
Case et al. (1975) is not com plete due to sam pling c o n ­
straints. However, both  allozym e and m t-D N A  are congru­
ent, suggesting a d ivision  o f  P. regilla  into three 
independent groups that deserve taxonom ic recognition at 
the species level. P. regilla  (Baird and Girard, 1852) corre­
sponds to the populations ranging from  Central C alifornia  
to M ontana. Populations from  the northwest should be 
regarded as Pseudacris pacifica  (Jam eson et al., 1966) stat. 
nov. Southern populations, from  N evada and southern C al­
ifornia to the Cape region in Baja C alifornia, w ould take 
the nam e Pseudacris hypochondriaca  (H allow ell, 1854) stat. 
nov., with two different subspecies, P. h. hypochondriaca  
from  the V izcaino desert to  the north and P. h. a ir ta  (C ope, 
1867) distributed south  o f  the V izcaino D esert to  the sou th ­
ern tip o f  BCP A dditional studies on variation in nuclear 
markers will be helpful to  determ ine the precise distribution  
o f  the three lineages and to delim it possible contact zones.
4.4. Conservation im plications
Our results depict tw o well-differentiated lineages am ong  
populations o f  P. h. curta  in southern Baja California. A t 
present, both groups face very different situations from  a 
conservation  perspective. On the one hand, P. h. curta  from  
the Sierra La Laguna apparently presents large, w ell-pre­
served populations distributed over a  large (over
110,000 ha) and strongly protected area (R eserve o f  the 
Biosphere “Sierra de la  L aguna”). On the other hand, p o p ­
ulations o f  P. h. a ir ta  from  the “O ases” clade are character­
ized by extensive iso lation , and as a consequence they are 
very vulnerable to disturbance, such as the introduction o f
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exotic  species. The presence o f  introduced R ana catesbeiana  
is d isp lacing native P. hypochondriaca  in the oasis o f  San  
Ignacio (G rism er and M cG uire, 1993; personal observa­
tions). C onservation  m easures to preserve the oases as well 
as other breeding sites, such as traditional water reservoirs 
for cattle will help to  preserve p op u lation s o f  P. hypochon­
driaca  and other species in the region.
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Corrigendum
Corrigendum  to “Phylogeography o f Pseudacris regilla 
(Anura: Hylidae) in western N orth  America, with a proposal 
for a new taxonom ic rearrangem ent” 
[Mol. Phylogenet. Evol. 39 (2006) 293-304]
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“ M useo Nacional de Ciencias Naturales, CSIC, José Gutierrez Abascal, 2. 28006 Madrid, Spain  
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A vailable online 9 A ugust 2006
T w o o f  the nam es we proposed for newly recognized species in the Pseudacris regilla  com plex  are incorrect. The syn­
onym y o f  the P. regilla  com plex is sum m arized in Frost (2004), including the list o f  correct available nam es. Jam eson, M ac- 
key, and R ichm ond (Jam eson et al., 1966) designated the specim en U S N M  9182 as a lectotype o f  H yla regilla. T he type 
locality o f  this taxon (Puget Sound) is w ithin the range o f  the “ N orthern C lade” w e described and therefore should take the 
nam e Pseudacris regilla  (Baird and G irard, 1852), and not P. pacifica  as we suggested. A m on g  the available nam es for the 
“Central C lade,” all with the sam e date o f  publication (Jam eson et al., 1966), and on  the basis o f  the First R evisor Prin­
ciple, we propose the use o f  H yla regilla sierra  Jam eson et al., 1966, w hose type locality , “ 1 1/4 m iles SSE o f  T ioga Pass 
Ranger Station (east o f  entrance to Y osem ite N ation al Park),” is included within the geographic range o f  the Central C lade  
that we described. The available nam e for the Central C lade should be thus Pseudacris sierra  (Jam eson et al., 1966), and  
not P. regilla  as we indicated. The nam e for the “ Southern C lade” rem ains Pseudacris hypochondriaca  (H allow ell, 1854). 
W e thank J. Boundy and D . Frost for helpful com m ents on the correct taxon om y o f  the P. regilla  com plex.
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ABSTRACT
Aim To study the patterns o f genetic variation and the historical events and 
processes that influenced the distribution and intraspecific diversity in H y la  
m erid io n a lis  Boettger, 1874.
Location H y la  m e r id io n a lis  is restricted to the western part o f the Mediterranean 
region. In northern Africa it is present in Tunisia, Algeria and Morocco. In south­
western Europe it is found in the south of France, north-western Italy and north­
eastern and south-western Iberian Peninsula. There are also insular populations, 
as in the Canaries and Menorca.
M eth od s Sampling included 112 individuals from 36 populations covering the 
range of the species. We used sequences o f mitochondrial DNA C yto ch ro m e  
O xid a se  I  (C O I)  for the phylogeographical analysis (841  bp) and C G I  plus a 
fragment including part of tR N A  lysine, A T P  sy n th a se  su b u n its  6  and 8  and part of 
C yto ch ro m e  O x id a se  I I I  for phylogenetic analyses (2441  bp). Phylogenetic 
analyses were performed with P A U P * 4 .0 b l0  (maximum likelihood, maximum 
parsimony) and M r B a y e s  3 .0  (Bayesian analysis). Nested clade analysis was 
performed using res 1.18 and G e o D is  2 .2 . A dispersal-vicariant analysis was 
performed with d i v a  1.0 to generate hypotheses about the geographical 
distribution of ancestors.
R esults We found little genetic diversity within samples from Morocco, south­
western Europe and the Canary Islands, with three well-differentiated clades. One 
is distributed in south-western Iberia and the High Atlas, Anti-Atlas and Massa 
River in Morocco. The second is restricted to the Medium Atlas Mountains. The 
third one is present in northern Morocco, north-eastern Iberia, southern France 
and the Canaries. These three groups are also represented in the nested clade 
analysis. Sequences from Tunisian specimens are highly divergent from sequences 
of all other populations, suggesting that the split between the two lineages is 
ancient, d i v a  analysis suggests that the ancestral distribution o f the different 
lineages was restricted to Africa, and that an explanation o f current distribution 
of the species requires three different dispersal events.
M ain co n c lu sio n s Our results support the idea o f a very recent colonization of 
south-western Europe and the Canary Islands from Morocco. South-western 
Europe has been colonized at least twice: once from northern Morocco probably 
to the Mediterranean coast o f France and once from the western coast of 
Morocco to southern Iberia. Human transport is a likely explanation for at least 
one o f these events. Within Morocco, the pattern o f diversity is consistent with a 
model o f mountain réfugia during hyperarid periods within the Pleistocene. 
Evaluation o f the phylogenetic relationships o f Tunisian haplotypes will require 
an approach involving the other related hylid taxa in the area.
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INTRODUCTION
Since its fo rm a tio n  in  th e  T e r tia ry  (K rijg sm an , 2002), th e  
M e d ite rra n ea n  Basin has b een  ch a ra c te rize d  by  a com plex  
geological a n d  clim atic  h is to ry  th a t  has sh a p e d  th e  d is tr ib u tio n  
a n d  d iv ers ity  o f  th e  b io ta  p re se n t in  th is  reg io n , resu ltin g  in  th e  
fo rm a tio n  o f  several a reas o f  e n d e m ism  a n d  h o t spo ts 
(O o s te rb ro ek  & A rn tzen , 1992; De Jong , 1998; S a n m artin , 
2003). S om e o f  th e  m o re  d ram a tic  ev en ts  o c c u rre d  at th e  en d  
o f  th e  M io cen e , d irec tly  a ffecting  th e  b io g eo g rap h ica l h isto ry  
o f  th e  w estern  M e d ite rra n ea n  reg ion . D u rin g  th e  T o r to n ia n , 
1 1 -7  m illio n  years ago  (M a ), th e  M e d ite rra n e a n  w as c o n n e c ­
ted  to  th e  A tlan tic  O cean  by  tw o  seaw ays, th e  Betic a n d  th e  
Riffean c o rr id o rs  (B arb ad illo  et a l ,  1997; D u g g en  et a l ,  2003). 
T hese gatew ays su ffe red  a p rogressive  c losing  p rocess th a t 
resu lted , a b o u t 5 .9 -5 .3  M a, in  th e  iso la tio n  o f  th e  M e d ite rra ­
n ean  fro m  th e  A tlan tic  O c e a n  a n d  th e  b eg in n in g  o f  th e  
M essin ian  sa lin ity  crisis (K rijg sm an  et a l ,  1999; D uggen  et a l ,  
2003). T he  d isa p p e a ra n c e  o f  th ese  tw o  m a jo r  b a rrie rs  a llow ed 
th e  exchange o f  te rres tria l b io ta  b e tw een  n o r th -w e s te rn  Africa 
a n d  so u th -w e s te rn  E u ro p e  across th e  B etic -R iffean  M assif 
(B usack , 1986; B en am m i et a l ,  1996; G arcés et a l ,  1998). 
.About 5.3 M a th e  .Atlantic O c e a n  re c o n n e c te d  w ith  th e  
M e d ite rra n ea n  Basin th ro u g h  th e  S tra it o f  G ib ra lta r  (K rijgs­
m an  et a l ,  1999). F ro m  th is  t im e  n o  o th e r  te rres tria l 
c o n n e c tio n  be tw een  n o r th -w e s te rn  A frica a n d  so u th -w e s te rn  
E u ro p e  is k n o w n  a n d  th e  S tra it has a p p a re n tly  been  a s tro n g  
b a rr ie r  to  d isp e rsa l a n d  gene flow  b e tw een  th e  tw o  reg ions 
since th e  P liocene. Its p resen ce  h as  lo n g  b een  h y p o th esized  to  
be th e  u ltim a te  cause fo r th e  p resen ce  o f  m an y  v icarian t 
lineages o n  b o th  sides (B usack , 1986; P a lm e r & C am b efo rt, 
2000; S a n m artin , 2003; Juste  e t a l ,  2004; M artin ez -S o lan o  
e t a l ,  2004).
Several species sh o w  d is ju n c t d is tr ib u tio n s  w ith  p o p u la tio n s  
o n  b o th  sides o f  th e  S tra it o f  G ib ra lta r . In  so m e  cases, th e  
ap p lic a tio n  o f  m o lecu la r  tec h n iq u e s  has revea led  th e  ex istence 
o f  d eep  d ivergences b e tw een  th e  p o p u la t io n s  se ttled  in  b o th  
reg ions, w h ich  are  n o w  c o n s id e red  d iffe re n t species. T h is 
app lies to  a m p h ib ian s  as in  th e  g en era  A lytes  (M artin ez -S o lan o  
e t a l ,  2004) a n d  Discoglossus (G a rc ia -P aris  8c Jockusch , 1999) 
a n d  also  to  several o th e r  v e rte b ra te  taxa, e.g. Lacerta  (B usack, 
1987), B lanus  (B usack, 1988; A lb e rt e t a l ,  in  p ress). Parus 
(S a lzburger et a l ,  2002) a n d  Plecotus (Juste  et a l ,  2004). In 
o th ers , th o se  tec h n iq u e s  suggest th e  ex is ten ce  o f  effective 
d isp ersal across th e  S tra it, n o t o n ly  in  flying o rg an ism s  su ch  as 
Gypaetus barbatus  (G o d o y  e t a l ,  2004) o r  Galerida cristata  
(G u iU aum et et a l ,  2006) b u t  also in  g ro u p s  w ith  l im ite d  
overseas d isp ersal capac ities  su c h  as th e  n ew t Pleurodeles w altl
(C arran za  8c A rn o ld , 2003; V eith  et a l ,  2004), th e  liza rds 
C ham aeleo cham aeleon  (P au lo  et a l ,  2002) a n d  Podarcis 
vaucheri (P in h o  et a l ,  2006), th e  snakes M alpolon  monspess- 
sulanus a n d  H em orrhois hippocrepis (C a rran za  et a l ,  2006) a n d  
m ic ro m a m m a ls  su ch  as A po d em u s sylvaticus (M ich au x  e t a l ,
2003) a n d  C roadura  russula (C osson  et a l ,  2005).
H yla  m eridionalis B oettger, 1874, is th e  o n ly  h y lid  species 
p resen t in  Africa. It ranges fro m  th e  A tlan tic  coasts  o f  M o ro c c o  
to  n o r th e rn  T u n is ia , a lth o u g h  its d is tr ib u tio n  is still p o o r ly  
k n o w n  in  th e  reg ion  a n d  th e  species has n o t b een  r e p o r te d  
fro m  m o st p a rts  o f  A lgeria (B ons 8c G eniez, 1996; Salvador, 
1996; Schleich et a l ,  1996). In E urope , it is p resen t in  th e  
Ib erian  Pen insu la , w ith  tw o m ain  d is tr ib u tio n a l areas, s o u th ­
w estern  a n d  n o r th  easte rn , p lu s  a few m o re  o r  less iso la ted  a n d  
sca tte red  p o p u la tio n s  in  th e  so u th -east a n d  th e  Basque 
C o u n try . It is also p rese n t in so u th e rn  F rance a n d  from  th ere  
it ex ten d s eastw ards to  th e  L iguria a n d  P ie d m o n t reg ions in 
n o r th  w estern  Italy. T h e re  a re  rep o rts  fro m  M adeira  a n d  it can 
be fo u n d  in  M en o rca  (o n e  o f  the  Balearic Islands) a n d  in  all o f  
th e  C an ary  Islands (A rn o ld , 2003; G arc ia -P a ris  et a l ,  2004; 
E m an u eli 8c Salvidio, 2006).
A m p h ib ian s  have generally  been  co n s id e red  to  be p o o r  
d ispersers (S m ith  & G reen , 2005) a n d  for th is  reaso n  th e  
p resence  o f  H. m erid ionalis in  o cean ic  islands such  as M ad eira  
a n d  th e  C an ary  Islands has  usually  b een  ex p la in ed  as th e  resu lt 
o f  h u m a n  t ra n s p o rt  (P leguezuelos, 2002). T he  d is tr ib u tio n  in  
b o th  shores o f  th e  w estern  M e d ite rra n ea n  co u ld  be ex p la ined  
w ith o u t the  necessity  for overseas d ispersal by  range  e x p an sio n  
d u r in g  th e  M e d ite rra n ea n  closu re  at th e  e n d  o f  th e  M iocene. 
T h e  fo rm a tio n  o f  th e  S tra it o f  G ib ra lta r  f rag m en ted  th e  
d is tr ib u tio n a l ran g e  o f  th e  species, iso la ting  A frican  p o p u la ­
t io n s  fro m  E u ro p e an  ones. In th is  case, if  th e  S tra it has b een  an  
efficien t b a rrie r  to  gene flow  for th is  species, a v ica rian t p a tte rn  
is expected  b e tw een  so u th -w es t E u rope  a n d  n o r th -w e s t Africa. 
P o p u la tio n s  from  b o th  areas sh o u ld  p resen t a h igh  g ene tic  
d iffe ren tia tio n , p red ic ta b ly  h ig h er th a n  w ith in  E u ro p e an  o r  
A frican  p o p u la tio n s  (B usack, 1986; G an ten b e in , 2004).
H ow ever, as Busack (1986) suggested , d ispersal o f  
H . m eridionalis  a c ross th e  S tra it is also possib le  a n d  we c a n n o t 
d isca rd  th e  p o ssib ility  th a t  e ith e r  E u ro p e an  o r  A frican  
p o p u la tio n s  w ere fo u n d e d  a fte r th e  fo rm a tio n  o f  th e  S trait. 
A cco rd in g  to  th is  hy p o th esis  we w o u ld  expect a co m p lex  
g enetic  s tru c tu re  w ith in  th e  source  p o p u la t io n  g ro u p , w hile  
genetic  v a ria tio n  w ith in  th e  new ly o rig in a te d  g ro u p  w ill 
d e p e n d  o n  its age a n d  n u m b e r  o f  founders .
A n a lte rn a tiv e  to  n a tu ra l  d ispersal im plies h u m a n s  to  be  th e  
passive o r  active d ispersal vec to r  for species across th e  
M e d ite rran ean . T h is  area  has su p p o rte d  in tense  h u m a n  ac tiv ity
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for the  last 3000 years. T h is  tran sla tes  n o t  o n ly  in to  severe 
h ab ita t a lte ra tio n s , b u t  also in to  th e  tra n s lo c a tio n  o f  m an y  
species f ro m  d iffe ren t p o in ts  o f  th e  reg ion  to  o th ers . 
I n tro d u c tio n s  a n d  tra n s lo c a tio n s  have c o n tr ib u te d  to  th e  
c o m p o s itio n  o f  c o m m u n itie s  b o th  in  islan d s  a n d  co n tin e n ta l 
a reas (D o b so n , 1998; C o rti  et a l ,  1999; P leguezuelos, 2002; 
C osso n  e t a l ,  2005; C u cch i et a l ,  2005). A gain  we expect th a t, 
d u e  to  th e ir  rec e n t o rig in  a n d  a p ro b ab le  fo u n d e r  effect, 
p o p u la tio n s  o r ig in a te d  f ro m  h u m a n  in tro d u c tio n s  w ill p resen t 
no  o r v e ry  lim ite d  m ito c h o n d ria l D N A  (m tD N A ) h ap lo ty p e  
d iversifica tion .
T he  d is tr ib u tio n  o f  H. m erid ionalis  in  th e  w este rn  M e d ite r ­
ran ean , as well as its p resen ce  in  b o th  c o n tin e n ta l (M en o rca ) 
a n d  ocean ic  islands (C an ary  Islands a n d  M a d eira ) , m akes th is  
species a n  excellen t m o d el to  tes t su c h  b io g eo g rap h ica l 
h ypo th eses . In  th is  w o rk  w e analyse  seq u en ces  o f  m tD N A  to  
s tu d y  th e  geo g rap h ical p a tte rn  o f  g enetic  v a ria tio n  w ith in  th e  
range  o f  H . m erid ionalis  in  o rd e r  to  tes t a n d  p o s tu la te  new  
h y p o th eses  fo r th e  ev o lu tio n a ry  h is to ry  o f  th is  species in  th e  
reg ion . O u r  resu lts  are  d iscu ssed  in  th e  c o n te x t o f  o u r  c u rre n t 
k n ow ledge  o f  g eneral b io g eo g rap h ica l p a tte rn s  in  th e  w estern  
M ed ite rran ean .
MATERIAL AND M ETHODS 
Sam pling and sequencing
W e o b ta in e d  tissu e  sam ples fro m  75 in d iv id u a ls , a d u lts  a n d  
tad p o les , f ro m  23 p o p u la t io n s  a lo n g  th e  ran g e  o f  th e  species. 
T h e  sam p lin g  w as c o m p le te d  w ith  12 sp ecim en s fro m  th e  
M u seu m  o f  V erteb ra te  Z o o lo g y  T issue  B ank  (U n iv ers ity  o f  
C alifo rn ia , B erkeley), rep re se n tin g  five a d d it io n a l  p o p u la tio n s , 
a n d  25 sam ples f ro m  e ig h t p o p u la t io n s  f ro m  th e  T issue  a n d  
D N A  C o llec tio n  o f  th e  M u seo  N ac io n al d e  C ienc ias N atu ra les  
(C S IC ), for a to ta l o f  112 sp ecim en s a n d  36 p o p u la t io n s  (Fig. 1 
& T ab le  1).
T o ta l g en o m ic  D N A  w as ex trac ted  fro m  e th a n o l-p re serv e d  
tissues (m usc le , liver a n d  ta il fin  fro m  tad p o les)  u s in g  a 
p h e n o l-c h lo ro fo rm  p ro to c o l (S a m b ro o k  e t a l ,  1989), p r e ­
ced ed  by  a d ig es tio n  w ith  p ro te in ase  K. P o lym erase c h a in  
reac tio n  (P C R ) w as u sed  to  am plify  841 b p  o f  th e  m ito c h ­
o n d r ia l Cytochrom e O xidase I  gene (C O /) , u s in g  th e  p r im e rs  
A m p -P 3 F  a n d  A m p -P 3 R  (San M a u ro  et a l ,  2004). A d d it io n ­
ally, fo r 38 in d iv id u a ls  co v erin g  th e  w h o le  a rea  o f  d is tr ib u tio n  
a n d  in  o rd e r  to  im p ro v e  th e  re so lu tio n  o f  th e  ph y lo g en e tic  
analyses, a f ra g m en t o f  1599 b p  in c lu d in g  p a r t  o f  th e  tR N A  
Lysine (Lys), A T P  synthase subun its  6  a n d  8 {ATP 6, A T P 8 )  a n d  
p a r t  o f  th e  C ytochrom e O xidase I II  gene (C O III)  was 
seq u en ced , w ith  th e  p r im e rs  p a irs  8.2L8331 (S an  M a u ro  e t a l ,
2004) p lu s  P 5R ' (5 '-G C A A T T T C T A G T A T A G T T A A -3 ') a n d  
P 5F ' (5 '-C A G C T A C C C T A G C C C T A C T A T -3 ') p lu s  M N C N - 
C O III  R (S an  M a u ro  e t a l ,  2004). P o ly m erase  ch a in  reac tio n s  
w ere p e rfo rm e d  in  a to ta l v o lu m e  o f  25 pi, in c lu d in g  1 u n it  o f  
T aq  p o ly m erase  (B io too ls, M a d rid , S pa in , 5 U p i " ') ,  2.5 pM o f  
each  p r im e r, 0.4 m in  o f  dN T P s, 1.5 m M  o f  M g C b  a n d  67 m M  
o f  rea c tio n  b u ffe r  (T ris -H C l, p H  8.3, B io to o ls). Po lym erase
c h a in  reac tio n s  co n s is ted  o f  35 cycles w ith  a d e n a tu r in g  
te m p e ra tu re  o f  94°C  (1 m in ) ,  a n n e a lin g  at 4 2°C  (A m p - 
P3F + A m p -P 3 R  p r im e r  p a ir )  o r  48 .5°C  (8.2L8331 + P 5 'r  
a n d  P 5 'f  + M N C N -C O /7 / R p r im e r  p a irs )  (1 m in ) , an d  
e x ten s io n  a t 72°C  (1 m in ) . D o u b le -s tra n d  tem p la te s  w ere 
c lean ed  using  so d iu m  a c e ta te  a n d  e th a n o l to  p re c ip ita te  the  
P C R  p ro d u c ts  a n d  th e n  re su sp e n d e d  in  22 p i o f  d o u b le ­
d istilled  H 2O . S e q u en c in g  rea c tio n s  w ere  p e rfo rm e d  fo r b o th  
s tra n d s  a n d  seq u en ced  o n  an  ABI PR ISM  3730 D N A  seq u en ce r 
fo llow ing  th e  m a n u fa c tu re r ’s in s tru c tio n s .
S equence alignm ent and ph ylogen etic  analyses
All sequences w ere c o m p iled  u s in g  s e q u e n c e  n a v i g a t o r T M  
v ers io n  1.0.1 (A p p lied  B iosystem s) a n d  a lig n ed  m anually . H yla  
chinensis w as in c lu d e d  as a n  o u tg ro u p  (Z h a n g  et a l ,  2005; 
G en B an k  accession  n u m b e r  AY 458593). G enetic  d ivergence  in 
pa irw ise  c o m p a riso n s  w as ca lcu la ted  u sing  th e  so ftw are  
P A U P * 4 .0 b I0  (S w offo rd , 2002). M ean  seq u en ce  d ivergence  
be tw een  g ro u p s  w as ca lcu lated  w ith  m e g a 2  (K u m a r  e t a l ,  
2 0 0 1 ).
P hylogenetic  analyses w ere p e rfo rm e d  w ith  p a u p .  M a x im u m  
p a rs im o n y  (M P ) p h y lo g en ies  w ere  e s tim a te d  u sin g  th e  h e u r ­
istic search  a lg o r ith m  w ith  tree  b ise c t io n - re c o n n e c tio n  (TBR) 
b ra n c h  sw ap p in g  a n d  100 r a n d o m  a d d it io n  seq u en ce  rep licates. 
Each  base p o s itio n  w as tre a te d  as a n  u n o rd e re d  c h a rac te r  w ith  
fo u r  a lte rn a tiv e  s ta tes. W e used  n o n p a ra m e tr ic  b o o ts tra p p in g  
(1000 p se u d o re p lic a te s )  to  assess th e  s tab ility  o f  in te rn a l 
b ran c h e s  in  th e  re su ltin g  to p o lo g ie s  (F e lsenste in , 1985).
D ata  w ere  an a ly sed  w ith  th e  so ftw are  M o d e l T e s t  3.6 
(P o sad a  & C ran d a ll, 1998) in  o rd e r  to  d e te rm in e  th e  
su b s ti tu t io n  m o d el th a t  best fits o u r  d a ta  fo r su b seq u e n t 
m a x im u m  lik e lih o o d  analyses (M L ; F elsenstein , 1981). M L 
analyses w ere  p e rfo rm e d  u sin g  th e  h e u ris tic  search  a lg o r ith m  
in  PAUP w ith  m o d el p a ra m e te rs  e s tim a te d  w ith  M o d e l T e s t .  
W e used  n o n p a ra m e tr ic  b o o ts tra p p in g  (100 p seu d o rep lica te s )  
to  assess th e  s tab ility  o f  in te rn a l b ran ch es .
Bayesian p h y lo g en e tic  analyses w ere c o n d u c te d  w ith  
M r B a y e s  3.0 (H u e lsen b eck  & R o n q u is t, 2001). A nalyses w ere 
in it ia te d  w ith  r a n d o m  s ta r tin g  trees  a n d  ru n  fo r 2,500,000 
g en e ra tio n s , sa m p lin g  every  100 g en e ra tio n s . G en era tio n s  
sam p led  b efo re  th e  ch a in  rea c h e d  s ta t io n a r ity  (200,000) w ere 
d isc a rd ed  ( ‘b u r n - in ’). P o s te r io r  c lade  p ro b ab ilit ie s  w ere used  
to  assess n o d a l su p p o rt .
W e te s te d  th e  n u ll h y p o th es is  o f  c locklike ra tes  in  o u r  
seq u en ce  d a ta  set w ith  a lik e lih o o d  ra tio  tes t (F elsenstein , 
1 9 8 1 ) as im p le m e n te d  in  M o d e l T e s t  3 .6 .
Biogeographical and phylogeographical analyses
T o  tes t a m o n g  c o m p e tin g  b io g eo g rap h ica l h y p o th eses  w e used  
a d isp e rsa l-v ic a ria n t o p tim iz a tio n  m e th o d  p ro p o se d  by  
R o n q u is t (1997), w h ic h  w as p e rfo rm e d  w ith  th e  p ro g ra m  
DIVA 1.0 (R o n q u is t, 1996). T h e  d isp e rsa l-v ic a ria n t analysis 
d o es  n o t  c o n s id e r a rea  c la d o g ra m s a n d  can  be used  in  th e  case 
o f  re ticu la te  b io g eo g rap h ica l scen a rio s  (R o n q u is t, 1997), a n d  is
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Figure 1 D istribution  o f  H. meridionalis 
(populations sam pled for the study are 
m arked  with dots) and  m axim um  likelihood 
tree ( - I n  L =  4444.69816) o f  the com bined  
data set show ing the different lineages found 
in the phylogenetic analyses. Bootstrap values 
(M P, ML and % Bayesian posterior p ro b a ­
bilities) at relevant nodes are shown. C olours 
correspond to  the different groups fo und  in 
the phylogenetic analyses: green =  T unisian 
group; red  =  N orthern  subgroup; 
yellow =  Central subgroup; blue =  S o u th ­
western subgroup. T he C anary Islands and  
M adeira are represented in a box outside 
th eir geographical location.
th u s  c o n s id e red  a p p ro p r ia te  for p h y lo g eo g rap h ica l in te rp re ta -
F o r th e  analysis is necessary  to  define u n it  areas w h ere  th e  
lineages a re  p resen t. In  o u r  case w e d efin ed  fo u r  d iffe ren t areas 
c o rre sp o n d in g  to  T u n is ia  (A ), M o ro cco  (B), so u th -w es t 
E u ro p e  (C ) a n d  th e  C a n a ry  Islands (D ). T h e  analysis  w as 
p e rfo rm e d  u sin g  th e  m a in  lineages d e fin ed  by  p h y lo g en e tic  
analyses a n d  w ith  n o  res tric tio n s  reg a rd in g  th e  n u m b e r  o f  
possib le  a n cestra l areas.
P hy lo g eo g rap h ica l analyses w ere  b ased  o n  a n ested  elad istic  
analysis (N C A ) o f  th e  C O I  h ap lo ty p e  d a ta  set. W e c o n s tru c te d  a 
h a p lo ty p e  n e tw o rk  u s in g  th e  so ftw are  t c s  1 .18 (C lem e n t e t a l ,
2000), w h ich  follow s th e  s ta tis tica l p a rs im o n y  a lg o r ith m  
d e scrib ed  in  T e m p le to n  e t a l  (1992). T h en , a  n e s te d  s ta tis tica l 
d esig n  w as c a rr ie d  o u t  fo llow ing  th e  g eneral g u id elin es  p ro v id e d  
by  T e m p le to n  et a l  ( 1995). F inally , w e tes ted  fo r th e  ex istence  o f  
geo g rap h ical a sso c ia tio n s  o f  th e  d iffe ren t c lades by  m ea n s  of: ( I )
a categorical test, in  w h ich  clades sh o w in g  genetic  a n d /o r  
geo g rap h ical v a ria tio n  a re  tes te d  against th e ir  geo g rap h ical 
lo ca tio n  (p e rm u ta tio n a l  c o n tin g en cy  analysis; see T e m p le to n  
e t a l ,  1995) a n d  (2) a seco n d  tes t th a t  in co rp o ra te s  th e  
in fo rm a tio n  o n  geo g rap h ical d istan ces  a n d  rela tive  p o s itio n s  
a m o n g  th e  sam p led  p o p u la tio n s . These tests  w ere p e rfo rm e d  
w ith  th e  G e o D is  2.2 so ftw are  package (P o sad a  e t a l ,  2000, 
1,000,000 p e rm u ta tio n s) ,  a n d  th e  e v o lu tio n ary  p a tte rn s  w ere 
so rte d  o u t  fo llow ing  th e  in ference  key (u p d a te d  11 N o v e m b e r 
2005) p ro v id e d  by  these  a u th o rs  w ith  G e o D is  2.2.
RESULTS 
Phylogenetic analyses
T h e  c o m b in a tio n  o f  th e  C O I  a n d  th e  L y s -C O III  f rag m en ts  
resu lted  in  a to ta l o f  28 hap lo ty p es . In c lu d in g  th e  o u tg ro u p ,
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T a b le  1 Populations sam pled in this study. Geographical coordinates, num ber o f  individuals sam pled  (n) and  haplotypes found  for the 
com bined  da ta  set (used in the  phylogenetic analyses; see Fig. 1) an d  for the  CO I sequences (used  for NCA; see Fig. 3). A dash indicates 
popu latio n s  not available for the com bined  da ta  set.
ID Locality Latitude Longitude COI haplotypes Com bined data set haplotypes
1 Real de San Vicente, Toledo, Spain 40°07'60N 04°40'60W 1 VII
2 Logrosan, Caceres, Spain 39°19'60N 05°28'60W 1 Vll -
3 Donostia, Guipdzcoa, Spain 43°19'00N 01°58'60W 16 11 A
4 Puerto de la Cruz, Tenerife, Spain 28°22'60N I6°33'00W 5 11 C
5 Cabezarrubias, Ciudad Real, Spain 38°37'00N 04°10'60W 1 VII -
6 Villanueva del Rio, Sevilla, Spain 37°37'00N 05°40'60W 2 Vll -
7 Canamero, Caceres, Spain 39‘’22'60N 05“22'60W 2 VII -
8 Alconchel, Badajoz, Spain 38°31'00N 07“04'00W 1 VII -
9 Vega del Rio Palmas, Fuerteventura, Spain 28°22'60N 14°04'60W 2 11 -
10 Calanas, Huelva, Spain 37°38'60N 06°52'60W 6 VII -
11 Pallares, Badajoz, Spain 38°07'00N O6°O9'0OW 4 VII -
12 Aldeaquemada, Jaén, Spain 38°23'60N 03°22'00W 1 VII -
13 Rubi, Barcelona, Spain 4T"28'60N 02°0T60E 1 11 A
14 Garrovillas, Caceres, Spain 39°43'00N 06°32'60W 3 Vll M
15 Facinas, Cadiz, Spain 36°07’60N 05°42'0OW 6 VII, IX Q
16 Tarn os, Aquitaine, France 43°31'60N 01°28'0OW 1 11 -
17 Biarritz, Aquitaine, France 43°28'60N 01°34'OOW 6 11 A
18 M onte Claro, Portalegre, Portugal 39°31'60N 07°43'00W 1 VII N
19 Oukaimeden, Marrakech, Morocco 3T’12'21N 07°51'51W 2 XI R
20 Tingis, Tanger, Morocco 35°47'05N 05°48'46W 2 11, IV C, 1
21 Chefchaouen, Chaouen, Morocco 35°10'17N 05“16'11W 2 11, III B, E
22 Ait Oufella, Khenifra, Morocco 32°55'54N 05°05'07W 2 VI K, L
23 Asilah, Tanger, Morocco 35°27'56N 06°02'25W 2 11, IV D, F
24 Ksar el Kebir, Larache, Morocco 35°03'20N 05°54'15W 3 I, V H, I
25 Tarifa, Cadiz, Spain 36°00'45N 05°36'20W 1 IX Q
26 Cordoba, Cordoba, Spain 37°52'60N 04°46'OOW 4 VII -
27 Candeleda, Avila, Spain 40°08'60N 05°13’60W 5 VII N
28 El Rocio, Huelva, Spain 37°07'60N 06°29'I6W 4 VII, VIII, X N, O, P
29 San Andrés, El Hierro, Spain 27°46'00N 17°56'60W 4 11 -
30 Carraf, Barcelona, Spain 41°15'00N 01°53'60E 1 11 -
31 Santa Coloma de Famés, Girona, Spain 41°52'00N 02°40'OOE 1 II -
32 Tagounit, Taroudant, Morocco 29°48'33N 09°02'51W 5 XI, Xlll, XV S, U, V, X
33 Oued Massa, Tiznit, Morocco 29°53'20N 09°35'32W 1 XIV Y
34 Taznakht, Ouarzazate, Morocco 30°4T43N 07°16'13W 3 XI, XII Z
35 Lebna, Nabeul, Tunisia 36°46'56N 10°59'15E 6 XVI, XVII, XVIII TA
36 Tabarka, Jendouba, Tunisia 36°57'16N 08°45'29E 4 XVIII, XIX, XX, XXI TB, TC, TD
th e  d a ta  m a tr ix  p re se n ted  2451 b p , o f  w h ich  502 (20 .5% ) sites 
w ere  v ariab le  a n d  182 (7 .4% ) w ere  p a rs im o n y  in fo rm a tiv e . 
M ean  n u c le o tid e  frequenc ies w ere  27 .7%  fo r A, 25 .3%  for C, 
14.2%  fo r G  a n d  32 .8%  fo r T. T h e  G T R  + G m o d el o f  
e v o lu tio n  w as selected  b y  A IC  in  M o d e l T e s t  3.6. W e fo u n d  
n o  in se r tio n s  o r  d e le tio n s  a m o n g  th e  seq u en ces  c o rre sp o n d in g  
to  H . m erid ionalis. T h e  o u tg ro u p , H . chinensis, p re se n ted  an  
in se r tio n  o f  th re e  c o d o n s  a t th e  b e g in n in g  o f  th e  A T P 6  w ith  
resp ec t to  th e  seq u en ces  o f  H. m erid ionalis. Sequences w ere 
d e p o s ite d  in  G en B an k  u n d e r  accession  n u m b ers  D Q 9 9 6 4 0 0 -  
D Q 996457.
T h e  H. m erid ionalis  h ap lo ty p es  an a lysed  w ere  se p ara ted  in  
tw o  w e ll-su p p o rte d  clades (Fig. I ) ,  w ith  average p -u n c o rre c te d  
d istan ces  o f  6 .4%  (7 .1%  fo r th e  C O I  sequences a lo n e): a 
‘T u n is ia n ’ g ro u p , in c lu d in g  all h a p lo ty p e s  fo u n d  in  sam ples 
fro m  T u n is ia n  p o p u la tio n s , a n d  a ‘W e ste rn ’ g ro u p , d is tr ib u te d
ov er th e  w e s te rn m o st M e d ite rra n e a n  reg io n , th a t  in c lu d e d  all 
sam p les  fro m  F rance , S pa in , P o r tu g a l a n d  M o ro cco , b u t  also 
th e  sam p les  fro m  th e  C a n a ry  Islands. D ivergences w ith in  clades 
w ere  re la tive ly  shallow . T h e  ‘T u n is ia n ’ g ro u p  p re se n te d  tw o 
clades n o t g e o g rap h ically  s tru c tu re d  a n d  w ith  a m ea n  u n c o r ­
rec ted  d is ta n c e  o f  0 .8%  (1 .1%  fo r COI). T h e  ‘W e ste rn ’ g ro u p  
was a lso  d iv id e d  in to  th re e  d iffe re n t clades th a t  w e call ‘S o u th ­
w e s te rn ’, ‘C e n tra l’ a n d  ‘N o r th e rn ’ su b g ro u p s . T h e  ‘S o u th ­
w e s te rn ’ su b g ro u p  in c lu d e d  th e  M o ro c c a n  sam p les  fro m  th e  
H ig h  A tlas, th e  A n ti-A tlas  a n d  th e  M assa R iver p o p u la tio n s  
( th e  s o u th e rn m o s t  p o p u la t io n s  o f  th e  species), as well as a ll th e  
sam p les  f ro m  s o u th -w e s te rn  Ib erian  p o p u la t io n s  (P o rtu g a l a n d  
s o u th -w e s te rn  S p a in ). T h e  ‘C e n tra l’ s u b g ro u p  c o rre sp o n d e d  to  
th e  single  p o p u la t io n  an a ly sed  f ro m  th e  M o ro c c a n  M e d iu m  
A tlas M o u n ta in s . T h e  ‘N o r th e rn ’ su b g ro u p  is d is tr ib u te d  in  th e  
R if  M o u n ta in s  a n d  th e  T in g ita n e  reg io n  o f  M o ro c c o , a n d  also
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inclu d es  all p o p u la tio n s  fro m  n o r th e rn  S p a in , so u th e rn  France 
a n d  th e  C an a ry  Islands. T h e  m ean  p -u n c o r re c te d  d istan ce  
a m o n g  ‘S o u th -w e s te rn ’, ‘C e n tra l’ a n d  ‘N o r th e r n ’ su b g ro u p s  
w as a ro u n d  1.0% . M ain  clades p re se n ted  h igh  b o o ts tra p  values 
fo r b o th  M L a n d  M P  analyses, as well as h ig h  p o s te r io r  
p ro b ab ility  values fro m  th e  B ayesian analysis, w ith  th e  
e x cep tio n  o f  th e  ‘S o u th  w es tern ’ su b g ro u p  (Fig. 1). T h e  resu lts 
o f  th e  lik e lih o o d  ra tio  tes t sh o w ed  n o  s ig n ifican t d ifferences 
in  th e  lik e lih o o d  scores w h en  c o m p a rin g  trees  e s tim a ted  
w ith  o r  w ith o u t  en fo rc in g  th e  m o le c u la r  c lock  (w ith: 
In L =  -5 9 4 3 .8 8 3 3 6 ; w ith o u t.  In L = - 5 9 2 6 .3 1 7 4 8 ,  
ra tio  =  35.131836; d.f. =  27; P  =  0 .135558). T h u s , th e  null 
h y p o th eses  o f  h o m o g en e o u s  e v o lu tio n a ry  ra te s  a m o n g  
sequences c a n n o t be rejected.
B iogeographical and phylogeographical analyses
T h e  v ica ria n c e -d isp e rsa l analysis p e rfo rm e d  w ith  d i v a  o n  th e  
m ain  lineages in  Fig. 1 resu lted  in  tw o eq u a lly  p a rs im o n io u s  
possib ilities  fo r th e  ancestra l d is tr ib u tio n  o f  tw o  o f  th e  n o d es  
(Fig. 2). All p ossib le  h y p o th eses  req u ired  th re e  d ispersals  to  
ex p la in  th e  p rese n t d is tr ib u tio n  o f  lineages. A fter a d i v a  exact 
search  we fo u n d  tw o  hy p o th eses  for th e  d is tr ib u tio n s  o f  th e  
an c es to r o f  th e  e n tire  H. m erid ionalis  c lade: T u n is ia  -t M o r ­
o cco  o r  T u n is ia  + M o ro cco  + so u th -w e s t E u ro p e . F or the  
an c es to r  o f  th e  ‘W e ste rn ’ g ro u p  again  w e fo u n d  tw o  d iffe ren t 
h y p o th e tica l d is tr ib u tio n s : M o ro c c o  o r  M o ro c c o  + so u th -w est 
E u ro p e . T h e  h y p o th esized  an cestra l d is t r ib u tio n  for T u n is ian  
lineages is T u n is ia , for th e  ‘S o u th -w e s te rn ’ s u b g ro u p  it is 
M o ro c c o  4- so u th -w e s t E u ro p e , w hile th e  a n c es tra l d is t r ib u ­
tio n  fo r th e  ‘C e n tra l’ an d  ‘N o r th e rn ’ s u b g ro u p s  is M o ro cco  
(Fig. 2). T he  a m b ig u o u s  h y p o th eses  are  d iscu ssed  below .
F o r th e  N C A  we analysed  112 sequences o f  C O I, in c lu d in g  
841 b p  w ith  181 variab le  p o s itio n s  (73 p a rs im o n y  in fo rm a tiv e )
‘C en tra l’ 
2-2 subgroup





Figure 3 N ested design for the statistical parsim ony haplotype 







A = Tunisia 
B = Morocco 
C = SW Europe 
D = Canary Islands
Figure 2 Sum m ary o f  the o p tim al reconstruc tions o f  ancestral 
d istribu tions for the  m ain  clades o f  H. meridionalis as p roposed  by 
d ispersal-v icariance analysis (DIVA). O ptim al d istr ib u tio n  is 
given at each node. W hen m ore th an  one alternative exist they are 
p resented  separated  by a com m a. T he favoured  alternatives 
according  to  the  phylogenetic analyses, are h ighlighted.
d e fin in g  21 d iffe ren t h ap lo ty p es  (Fig. 3 &  T ab le  1). S equences 
w ere  d e p o s ite d  in  G en B an k  u n d e r  accession  n u m b ers  
D Q 9 9 6 4 0 0 -D Q 9 9 6 4 2 9 . In th is  analysis w e fo u n d  th a t  h a p lo ­
types c o rre sp o n d in g  to  in d iv id u a ls  fro m  T u n is ia  fall o u ts id e  
th e  95%  co n fid en ce  lim it fo r  th e  m ax im u m  p a rs im o n y  
c o n n e c tio n  o f  h ap lo ty p es , fixed  a t 12 m u ta tio n a l steps. T he  
15 h ap lo ty p es  fro m  M o ro c c o , so u th -w e s te rn  E u ro p e  a n d  th e  
C a n a ry  Islands w ere  jo in e d  in  a n es ted  d esign  w ith in  a single 
fo u r-s te p  c lade (Fig. 3). H ap lo ty p es  fro m  th e  ‘C e n tra l’ -t- ‘N o r ­
th e r n ’ a n d  ‘S o u th -w e s te rn ’ s u b g ro u p s  a re  in c lu d e d  w ith in  
th re e -s te p  clades 3-1 a n d  3-2 respectively .
T h e  th ird  a n d  fo u r th  n e s tin g  levels p re se n ted  s ign ifican t 
a sso c ia tio n  be tw een  clades a n d  th e ir  geo g rap h ical p o s itio n  
(T ab le  2). T e m p le to n ’s (2004) in fe ren ce  key, u sed  to  in te rp re t  
D c  a n d  D n  values, (c lade  a n d  n e s te d  c lade d istan ces  
respectively) g e n e ra ted  th e  h y p o th eses  sh o w n  in  Table  2. F o r 
c lade 3-2 (h ap lo ty p es  V Il-X V ) th e  in ference  is p as t f ra g m en ­
ta tio n  a n d /o r  lo n g -d is ta n c e  co lo n iz a tio n . F or c lade 3-1 (h a p l­
o types I -V I)  a n d  c lade  4 -1  ( to ta l  c lad o g ram ) th e  hy p o th esis  
in fe rred  is a llo p a tr ic  f ra g m en ta tio n . W e fo u n d  n o  s ign ifican t 
resu lts  fo r th e  T u n is ia n  h ap lo ty p es .
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Hyla m eridionalis p h y lo g e o g r a p h y
T a b le  2 Results o f  the NCA o f  haplotypes o f H. meridionalis. Results o f  the categorical ch i-square test, and  inference chain  and  inferred 
events after the geographical distances tests are presented  for each clade show ing geographical a n d /o r genetic variation.
Haplotype
group Chi-square statistic Inference chain Inferred event
Clade 1-1 65.45 (n.s.) 1-2-3-4 Restricted gene flow with isolation by distance
Clade 1-4 55.54 (n.s.) 1-2 -3 -5 -6 -13-14 Sampling design inadequate to discriminate between contiguous range expansion, 
long distance colonization, and past fragmentation
Clade 2-1 21.95 (n.s.) 1-2-11-12 Contiguous range expansion
Clade 3-1 48.00 (P < 0.01) 1-19 Allopatric fragmentation
Clade 3-2 53.00 (P < 0.0001) 1-19-20-2 -3 -5 -15 Past fragmentation and/or long distance colonization
Total cladogram 101.00 (P < 0.0001) 1-19 Allopatric fragmentation
DISCUSSIO N  
Phylogeographical h yp oth eses for Moroccan and 
sou th -w est European populations
P o p u la tio n s  o f  th e  ‘W e ste rn ’ c lad e  o f  H. m erid ionalis  
(M o ro cco , so u th -w e s te rn  E u ro p e  a n d  th e  C an a ry  Islan d s) are 
ch a ra c te rize d  by  a p o o r  m ito c h o n d ria l  d iv ers ifica tio n , low er 
th a n  u sua lly  fo u n d  a m o n g  a m p h ib ia n s  w ith  co m p a ra b le  
d is tr ib u tio n a l  ranges (G arcia  P aris  et a l ,  2003; M artin ez - 
S o lano  e t a l ,  2004; Z an g a ri e t a l ,  2006). W e fo u n d  few, 
lit tle -d iffe ren tia te d  m ito c h o n d ria l h ap lo ty p es  g ro u p ed  in th ree  
c lades (Fig. I ) ,  w ith  so m e  o f  th e  h ap lo ty p es  p rese n t s im u lta ­
neo u sly  o n  b o th  sides o f  th e  S tra it o f  G ib raltar. T h is red u ced  
m ito c h o n d ria l v a ria tio n  is in  p a r t  co n s is ten t w ith  th e  allozym e 
d a ta  p u b lish e d  by  B usack  (1986), a n d  also resem bles th e  
p a tte rn s  fo u n d  fo r so m e  o th e r  te rres tria l v erteb ra tes, su ch  as 
th e  co lu b r id  M acropotodon brevis (C a rra n z a  et a l ,  2004) a n d  
th e  so ric id  C. russula  (C o sso n  et a l ,  2005). H a d  th e  o p e n in g  o f  
th e  S tra it o f  G ib ra lta r  a ro u n d  5.3 M a  d iv id ed  th e  d is tr ib u tio n  
o f  H. m erid ionalis  a n d  a c te d  as a ph y sica l b a rr ie r  to  d isp ersal 
a n d  gene flow  b e tw een  E u ro p e  a n d  A frica, th e n  th e  expected  
p a tte rn  is th e  p resen ce  o f  v ica ria n t, w eU -d ifferen tiated  clades 
o n  b o th  sides o f  th e  S tra it (B usack, 1986; C astella et a l ,  2000; 
S a n m artin , 2003; G an te n b e in , 2004). H ow ever, th e  p resen ce  o f  
closely re la ted  o r  even  id en tica l h ap lo ty p e s  o f  H. m erid ionalis  
in  M o ro c c o  a n d  so u th -w e s t E u ro p e  suggests th e  ex istence o f  
d ispersal even ts ra th e r  th a n  v icarian ce  s ince  th e  o p e n in g  o f  th e  
S tra it. B usack  (1986) h a d  p rev io u s ly  suggested  th a t  th e  S tra it 
o f  G ib ra lta r  h a d  n o t  been  an  im p e rm e a b le  b a rr ie r  for several 
species, in c lu d in g  H . m eridionalis. S ince th e re  is n o  ev idence  o f  
fu rth e r  c lo su re  o f  th e  S tra it a fte r th e  M essin ian , an y  la tte r  
d isp ersal m o v em e n t im plies d isp e rs io n  over th e  sea. In  o u r  
case w e fo u n d  h ig h er h a p lo ty p e  d iv ers ity  w ith in  M o ro c c a n  
th a n  w ith in  E u ro p e an  p o p u la t io n  g ro u p s. A p p aren tly , th is  is 
th e  o p p o s ite  case to  th e  p a tte rn  d escrib ed  fo r P. w altl 
(C a rra n z a  & A rn o ld , 2003), w ith  M o ro c c a n  p o p u la t io n s  
recen tly  o r ig in a te d  f ro m  th e  Ib erian  P e n in su la , b u t  s im ila r  to  
th o se  d e scrib ed  fo r M . brevis (C a rra n z a  e t a l ,  2004) a n d  
C. russula  (C o sso n  et a l ,  2005), w h ere  recen t co lo n iz a tio n  
o c c u rre d  f ro m  M o ro c c o  to  E u ro p e .
R eg ard in g  th e  an cestra l d is tr ib u tio n  h y p o th eses  o b ta in e d  
w ith  D IV A , th e  p a tte rn  o f  v a ria tio n  p rese n t w ith in
H. m erid ionalis  a rgues ag a in s t a w id e sp re a d  an cestra l d is tr i­
b u t io n  th a t  in c lu d e d  so u th -w e s t E u ro p e  a n d /o r  th e  C a n a ry  
Islands. H ence , fro m  th e  d iffe ren t p ro p o se d  h y p o th eses , we 
suggest th a t  lineages d iffe re n tia ted  f ro m  a n  A frican  an cesto r. 
T h e  a n ces to r  o f  th e  ‘W e ste rn ’ g ro u p  w as d is tr ib u te d  in 
M o ro c c o , fro m  w h ere  th e  species m o v ed  in to  E u ro p e  a n d  
p ro b ab ly  th e  C an ary  Islands. H o w ev er, th e  h ap lo ty p es  p rese n t 
in  M o ro c c o , so u th -w e s t E u ro p e  a n d  th e  C an aries  (Fig. I)  
p re se n t a g eo g rap h ical d is tr ib u tio n  th a t  can  h a rd ly  be 
ex p la in ed  by  a single  d isp e rsa l even t b u t  ap p ears  to  req u ire  
a t least th ree , as suggested  b y  th e  d i v a  analysis (Fig. 2).
All sequences o b ta in e d  f ro m  sp ec im en s o f  n o r th e rn  Ib erian  
a n d  s o u th e rn  F ren ch  (N I-S F ) p o p u la t io n s  sh a re  a single 
h ap lo ty p e  (A in  T ab le  I ) ,  a lso  p re se n t in n o r th e rn  M o ro cco , 
w h ich  c lusters w ith  th e  o th e r  h a p lo ty p e s  f ro m  n o r th e rn  
M o ro c c o  in  a c lade (Fig. I ) .  T h is  p a tte rn  o f  ex trem e  low  
d iv ers ity  suggests a v e ry  recen t c o lo n iz a tio n  o f  N I-SF p o p u ­
la tio n s  b y  in d iv id u a ls  p ro b ab ly  fro m  th e  n o r th e rn  coast o f  
M o ro c c o  o r  w este rn  A lgeria. As has  b een  p ro p o se d  fo r o th e r  
species (C arran za  8c A rn o ld , 2003; C a rra n z a  et a l ,  2004; 
C o sso n  e t a l ,  2005), tw o  a lte rn a tiv e  h y p o th eses  can  exp lain  
th is  d is tr ib u tio n . O n  th e  o n e  h a n d , a possib le  n a tu ra l o rig in  o f  
E u ro p e an  p o p u la t io n s  w o u ld  im p ly  ra ftin g  fo r h u n d re d s  o f  
k ilo m e tre s  o n  so m e  k in d  o f  n a tu ra l  s u p p o rt  across th e  
M e d ite rra n ea n  Sea. T h is  k in d  o f  d isp ersal is co n s id e red  h igh ly  
in fre q u e n t for o th e r  tax a  (H ean ey , 1986; D o b so n , 1998) a n d  so 
we co n s id e r  it in  th is  case, in  v iew  o f  th e  lo n g  d istan ce  fro m  th e  
su g g ested  p o in t  o f  o rig in . O n  th e  o th e r  h a n d , passive o r  active 
tra n s p o r ta tio n  o f  frogs by  h u m a n s  f ro m  n o r th e rn  A frica  to  
E u ro p e  can  be c o n s id e red  p lausib le . T h e  effect o f  h u m a n  
ac tiv ity  o n  th e  d is tr ib u tio n  o f  tax a  has b e e n  especially  s tro n g  in  
th e  M e d ite rra n ea n  B asin  (D o b so n , 1998; C o r ti  e t a l ,  1999), 
w ith  several cases o f  species a rr iv in g  in  E u ro p e  f ro m  A frica 
(D o b so n , 1998; M artin e z -S o la n o , 2004; C o sso n  e t a l ,  2005) 
a n d  in  A frica  fro m  E u ro p e  (D o b so n , 1998; Libois e t a l ,  2001; 
P leguezuelos, 2002; M ic h a u x  ef a l ,  20 0 3 ), in c lu d in g  tra n s lo ­
c a tio n  o f  a m p h ib ian s  in  th e  w es te rn  M e d ite rra n e a n  in  d iffe ren t 
h is to ric a l m o m e n ts  (H e m m e r  e t a l ,  1981; C o rti  e t a l ,  1999; 
L lo ren te  et a l ,  2002a,b ).
W e c an  d e te rm in e  n e ith e r  th e  d a te  n o r  th e  p o in t  o f  o rig in , 
n a tu ra l  o r  h u m a n -m e d ia te d , o f  N I-SF  p o p u la t io n s  w ith  o u r  
da ta . T h e  g eo g rap h ical d is tr ib u tio n  o f  th e  N I-SF  p o p u la t io n s  
ran g es  f ro m  th e  single p o p u la t io n  in  th e  B asque c o u n try  across
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so u th e rn  F rance to  L iguria , w ith  th e  area  so u th  to  th e  P yrenees 
res tric te d  to  th e  n o r th -e a s te rn  ex trem e  o f  th e  Ib erian  P en in su la  
(G arc ia -P aris , 1997) (Fig. I ) .  If  c o lo n iz a tio n  to o k  p lace f ro m  a 
single  p o in t  it w o u ld  be reaso n ab le  to  expect th is  p o in t  to  be 
cen tra lly  lo ca ted  w ith  respec t to  th e  w ho le  d is tr ib u tio n a l  range. 
F or these  p o p u la t io n s  o f  H. m erid ionalis  we w o u ld  c o n s id e r as 
a p ro b ab le  s ta r tin g  p o in t  so m e  lo ca lity  in  th e  M ed ite rra n ea n  
coast o f  F rance ( in  co in c id e n ce  w ith  th e  s ta r tin g  p o in t  o f  th e  
recen t in tro d u c tio n  o f  Discoglossus p ictus  in  w este rn  E urope ; 
K noepffler, 1962; L lo ren te  et a l ,  2002b). F ro m  th e re  it has 
sp re a d  eastw ard , w estw ard  a n d  so u th w a rd . F u r th e r  n o r th w a rd  
a n d  eastw ard  ex p a n sio n  w o u ld  have been  p rev e n te d  by  the 
absence  o f  ecologically  fav o u rab le  h a b ita ts  a n d /o r  th e  p resence  
o f  H yla  arborea  a n d  H yla  in term ed ia , w h ich  p rese n t a m o stly  
p a ra p a tr ic  d is tr ib u tio n  w ith  H. m erid ionalis  in th e  zo n e . T he  
o rig in  o f  th e  in tro d u c e d  p o p u la t io n s  co u ld  be an y  coasta l 
p o in t  in  M o ro cco , w b ere  th e  h ap lo ty p e  is m ix e d  w ith  o th e r  
d iffe ren t ones.
O u r  resu lts  a rg u e  ag a in st th e  suggested  p resence  o f  
H. m erid ionalis  in  th e  P le is to cen e  o f  G rea t B rita in  (H o lm a n , 
1992). H o lm a n  (1992) suggested  a possib le  c o lo n iz a tio n  o f  
G rea t B rita in  fro m  F rance  d u r in g  th e  Ip sw ich ian  in te rg lac ia l 
stage, a b o u t 150 ,000-115 ,000  years ago. H a d  th e  species been  
in  th e  area  fo r th a t  tim e  w e sh o u ld  have fo u n d  so m e  v a ria tio n  
across sequences o f  th e  26 sp ecim en s ana lysed  f ro m  n o r th e rn  
Iberia  a n d  so u th e rn  F rance. T h e  rem a in s  fo u n d  th e re  p ro b ab ly  
be lo n g  to  H . arborea, w h ic h  is o s teo log ica lly  d ifficu lt to  
sep ara te  fro m  H. m erid ionalis, as is k n o w n  fo r all species o f  th e  
H. arborea  g ro u p  (D elfino , 2006).
T h e  ‘S o u th -w e ste rn ’ s u b g ro u p  is rep re se n te d  by  d iffe ren t 
hap lo ty p es  fro m  M o ro cco  a n d  so u th -w e s te rn  Ib eria  (Fig. 1). 
Sam ples fro m  th e  ‘S o u th -w e s te rn ’ su b g ro u p  are  ch a rac te rized  
by  a red u c e d  degree  o f  m ito c h o n d ria l  d iv ers if ica tio n , p e rh a p s  
cau sed  b y  a m assive e x tin c tio n  p ro cess  fo llow ed  b y  a red u ced  
n u m b e r  o f  fo u n d e r  sp ecim en s. A gain , h a p lo ty p ic  d iv ers ity  is 
h ig h e r  fo r th is  su b g ro u p  in  M o ro c c o  th a n  in  th e  Ib erian  
P e n in su la , w h ere  we fin d  a single, w id esp read  h a p lo ty p e  (N ), 
w ith  th e  o th e rs  m o stly  re s tric te d  to  th e  s o u th e rn  coast. 
H ow ever, we fo u n d  no  sh a re d  h ap lo ty p es  b e tw een  M o ro cco  
a n d  th e  Ib erian  P e n in su la , a n d  th e  overall d iv ers ity  is n o t  as 
l im ite d  as it is in  N I-SF  p o p u la tio n s .
T h e  geograph ical d is tr ib u tio n  o f  th e  ‘S o u th -w e s te rn ’ s u b ­
g ro u p  is n o t c o n tin u o u s , as p o p u la t io n s  in c lu d e d  in  it  a re  n o t 
o n ly  sep a ra te d  by  th e  S tra it o f  G ib ra lta r  b u t  a lso  b y  a b ro a d  
area  in  n o r th e rn  M o ro cco  w h ere  p o p u la t io n s  p re se n t  h a p lo ­
types o f  th e  ‘N o r th e rn ’ s u b g ro u p  (Fig. 1). It is p o ssib le  th a t  in  
th e  recen t p ast th e  ‘S o u th -w e s te rn ’ s u b g ro u p  o c c u p ie d  m o st o f  
th e  w este rn  M o ro c c a n  te r r ito ry , f ro m  th e  T in g ita n e  P en in su la  
to  th e  A nti-A tlas M o u n ta in s ,  w h ich  is c o m p a tib le  w ith  a 
n a tu ra l  co lo n iz a tio n  o f  s o u th e rn  Iberia  b y  ra ftin g  across 
th e  S tra it o f  G ib ra lta r . In  th is  scen a rio , a fte r th e  Ib e r ian  arrival, 
th e  species b ecam e e x tin c t f ro m  n o r th e rn  M o ro c c o . D u rin g  th e  
P le istocene , eco log ical c o n d it io n s  in  n o r th e rn  A frica  su ffe red  
ch an g es  in c lu d in g  a lte rn a tin g  a rid  a n d  w et p e rio d s  (Jam et, 
1991). A h y p e ra r id  p e rio d  affec ted  th e  M a g h re b  u n til  a b o u t  
12,000 y r b p  (D o b so n , 1998). T h e  su b seq u e n t d e se rtif ic a tio n
co u ld  have ca u se d  th e  ex tin c tio n  o f  th e  species in th e  lo w lan d s 
o f  n o r th e rn  M o ro c c o . A fter th a t,  a w e tte r  p e rio d , be tw een  
1 2 ,0 0 0 ^ 0 0 0  y r  b p  (D o b so n , 1998), a llow ed  rec o lo n iz a tio n  o f  
th e  area  p ro b a b ly  fro m  so m e réfugia in  th e  R if M o u n ta in s .
A gain  th e  a lte rn a tiv e  h y p o th esis  w o u ld  be h u m a n  t ra n s lo ­
ca tio n  o f  in d iv id u a ls  f ro m  th e  w estern  coast o f  M o ro c c o  to  
so u th e rn  Ib eria . In  th is  case is h a rd  to  tell w h e th e r  th e  
h ap lo ty p es  c u rre n tly  p resen t in  Ib eria  d iffe re n tia ted  fro m  th e  
M o ro c c a n  o n e s  a fte r th e  arrival, o r  w h e th e r  we failed to  f ind  
th em  in  M o ro c c o . In  b o th  s itu a tio n s  a very  p lausib le  a rr iv in g  
p o in t  fo r so u th -w e s t Ib erian  p o p u la t io n s  is th e  e x trem e  
s o u th e rn  tip . T h is  is s u p p o r te d  b y  th e  res tric te d  d is tr ib u tio n  
in  th is  a rea  o f  m o st o f  th e  so u th -w e s t Ib erian  hap lo ty p es . F ro m  
th is  p o in t  th e  species m o v ed  rap id ly  w estw ard  a n d  n o r th w a rd , 
reach in g  th e  s o u th e rn  slopes o f  th e  Sistem a C en tra l M o u n ­
ta in s , w h ich  a p p a re n tly  act as a b a rr ie r  to  n o r th w a rd  d isp e rsa l 
(M e rc h a n  et a l ,  2005). In  th is  reg ion  we find  som e re s tric te d  
sy m p a try  b e tw een  H. m erid ionalis  a n d  H. arborea  a n d  a few  
cases o f  h y b r id iz a tio n  have b een  re p o r te d  (O liveira  et a l ,  1991; 
B arbad illo  & Lapefia, 2003). T he  p resence  o f  th e  la tte r  species 
can  be a lso  a lim itin g  fac to r for th e  n o r th w a rd  ex p a n sio n  o f  
H. m erid ionalis.
T h e  resu lts  o f  th e  N C A  analyses a re  s ta tistica lly  s ign ifican t 
fo r h igh-level clades. T h e  in ferences o b ta in e d  fro m  T e m p le ­
to n ’s (2004) u p d a te d  key fo r th ird -  a n d  fo u rth -lev e l clades are  
c o n c o rd a n t  w ith  o u r  c o n c lu sio n s. F or c lade 3-1, rep re se n tin g  
th e  ‘N o r th e rn ’ a n d  ‘C e n tra l’ su b g ro u p s , th e  resu lts  suggest 
a llo p a tr ic  f ra g m en ta tio n  be tw een  th e  p o p u la tio n s  fro m  th e  
M e d iu m  A tlas M o u n ta in s  (C en tra l)  a n d  th e  rem a in in g  p o p ­
u la tio n s  (N o r th e rn ) .  T h e  sam e in ference  is p ro p o se d  fo r th e  
to ta l c lad e , c o m p a r in g  th e  ‘N o r th e rn ’, ‘C e n tra l’ a n d  ‘S o u th ­
w e s te rn ’ s u b g ro u p s . As we p ro p o se d  befo re , c lim atic  ch an g es  
d u r in g  th e  Q u a te rn a ry  c o u ld  have led to  a s itu a tio n  o f  m u ltip le  
réfugia in  th e  d iffe ren t m o u n ta in  ch a in s  in  M o ro cco , th e  Rif, 
th e  M e d iu m -A tla s  a n d  th e  H igh-A tlas a n d  th e  A nti-A tlas, 
w here  p o p u la t io n s  w ere  iso la ted  lo n g  e n o u g h  to  d iffe ren tia te  
in  a llo p a try . F or c lade 3-2, c o m p a rin g  th e  so u th -w e s te rn  
Ib erian  h ap lo ty p e s  w ith  th o se  fro m  th e  A nti-A tlas, th e  in fe rre d  
processes a re  p a s t f ra g m en ta tio n  a n d /o r  lo n g -d is tan ce  c o lo n ­
iza tio n , w h ic h  a re  necessary  to  exp la in  th e  c o lo n iz a tio n  o f  th e  
p e n in su la  acro ss  th e  S tra it o f  G ib ra lta r  w ith o u t h u m a n  
in te rv en tio n .
C olonization o f Atlantic islands
T he single h a p lo ty p e  (G ) fo u n d  in  th e  C an a ry  Islands is very  
s im ila r (o n ly  o n e  base p a ir  change in  th e  A T P 6  reg ion) to  th o se  
p rese n t in  n o r th e rn  M o ro c c o  a n d  N I-SF  p o p u la tio n s . H yla  
m erid ionalis, to g e th e r  w ith  R ana  perezi, a re  th e  o n ly  a m p h ib ­
ians p re se n t in  th is  vo lcan ic  arch ip e lag o , a n d  b o th  a re  
tra d itio n a lly  c o n s id e re d  to  be  in tro d u c e d  species (P leg u ezu e ­
los, 2002). O u r  resu lts  seem  to  co n firm  th e  in tro d u c tio n  
h y p o th esis , b u t  y ie ld  little  in fo rm a tio n  o n  th e  d a te  a n d  
g e o g rap h ica l o r ig in  fo r th ese  p o p u la tio n s . F o r R. perezi  it has 
b een  p ro p o se d  th a t  th e  species a rr iv ed  a fte r c o lo n iz a tio n  b y  th e  
E u ro p ean s  (P leguezue los , 2002). T he  first h u m a n  se ttle m e n ts
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in  th e  C a n a ry  Islan d s  a re  d a te d  to  a b o u t  2500 yr b p  an d  
o r ig in a te d  in  th e  M ag h reb  (N a v a rro , 2001). S p o rad ic  new  
arrivals f ro m  n o r th -w e s te rn  A frica a p p e a re d  in  so m e islands, 
a lth o u g h  th e re  w as little  c o n ta c t a m o n g  islands (N av arro ,
2001). C a n a r ia n  se ttle rs tra n s p o r te d  w ith  th e m  cargos su ch  as 
ca ttle  o r  seeds, a n d  c o u ld  have c a rr ie d  o th e r  species in te n ­
t io n a lly  o r  passively, as h a p p e n e d  w ith  M u s m usculus  (C u cch i 
e t a l ,  2005). H o w ev er a m o re  recen t o r ig in  c a n n o t be ru led  
o u t. A t p re se n t th e  species is o ften  asso c ia ted  w ith  b an an a  
p lan ta tio n s  a n d  m o v em e n ts  a m o n g  islands  m ay  have b een  
l inked  to  p as t ex p a n sio n  o f  th is  activ ity .
T he  use o f  a d d it io n a l  m ark ers , su ch  as m icro sa te llites, w o u ld  
be  very  he lp fu l in  o rd e r  to  e lu c id a te  th e  ro u te s  a n d  tim es o f  
c o lo n iz a tio n  b e tw een  M o ro c c o , s o u th -w e s te rn  E u ro p e  a n d  th e  
C a n a ry  Islands.
Evolution o f Hyla m eridionalis  in northern Africa
T h e  tw o  m a in  lineages p re se n t in  n o r th e rn  A frica are  
c h a ra c te rize d  b y  a d e e p  g ene tic  d iv erg en ce  a n d  c o rre sp o n d  to  
tw o  d iffe ren t a reas, o n e  m ain ly  in  M o ro c c o  a n d  th e  o th e r  in 
n o r th e rn  T u n is ia  a n d  p ro b ab ly  n o r th -e a s te rn  A lgeria. T h is 
p a tte rn  o f  d is tr ib u tio n  can  be fo u n d  in  so m e  o th e r  am p h ib ian  
species, su c h  as Pleurodeles w altl/po ireti/nebulosus, Discoglossus 
scovazzi/p ic tus  o r  R ana  saharica, w ith  d iffe ren t b io g eo g rap h ica l 
scen ario s  p ro p o se d  to  exp la in  each . C a rra n z a  & A rn o ld  (2003) 
p ro p o se d  th a t  d iffe re n tia tio n  b e tw een  P. w a ltl (Iberia  an d  
M o ro c c o )  a n d  P. po ireti/nebulosus  (n o r th -e a s t  A lgeria a n d  
T u n is ia )  w as fa v o u re d  by  th e  fo rm a tio n  o f  th e  S tra it o f  
G ib ra lta r . T h ey  suggested  th a t  th e  d e s ic c a tio n  o f  th e  M e d i­
te r ra n e a n  d u r in g  th e  M essin ian  C risis a llow ed  th e  a n ces to r o f  
th e  po ireti/nebulosus  c lade to  reach  n o r th e rn  Africa, fro m  th e  
Ib e r ian  P en in su la  to  A lgeria. M o ro c c a n  p o p u la t io n s  o f  P. w altl 
o r ig in a te d  very  recen tly  fro m  th e  Ib erian  P en in su la , possib ly  
d u e  to  acc id en ta l h u m a n  tra n s lo c a tio n  (C a rra n z a  & A rn o ld , 
2003). I f  we ap p ly  th is  scen a rio  to  th e  m ito c h o n d ria l d a ta  for 
H. m erid ionalis, th e n  th e  m ean  d iv erg en ce  ra te  e s tim a ted  fo r 
C O I w o u ld  be 1.34%  M y r~ ‘, w h ich  d o u b les  th e  p ro p o se d  rates 
fo r th is  gene in  a n u ra n s  (M acey  et a l ,  1998; W eig t et a l ,
2005). A dd itio n a lly , o u r  d a ta  suggest a n  o ld e r  p resen ce  o f  th e  
species in  M o ro c c o  th a n  in  E urope , w i th o u t  an y  trace  o f  an  
o ld e r  lineage o f  th e  species in  th e  Ib erian  Pen in su la .
B uckley e t a l  (1994, 1996) a n d  A ra n o  e t a l  (1998) fo u n d  a 
rem ark ab le  g ene tic  d iffe re n tia tio n  b e tw een  M o ro c c a n  an d  
A lg e ria n /T u n is ian  p o p u la t io n s  o f  R. saharica. A p p aren tly  th is  
species w as se p a ra te d  f ro m  R. perezi f ro m  Ib eria  by  th e  o p e n in g  
o f  th e  S tra it o f  G ib ra lta r  (A ran o  e t a l ,  1998). Later, R. saharica  
e x p e rien ced  th e  d iffe re n tia tio n  th a t  was d a te d  by  A ran o  e t a l
(1998) as a b o u t  2 M a, a ro u n d  th e  t im e  o f  th e  P lio c e n e -  
P le is to cen e  b o u n d a ry . T h is  w as asso c ia ted  w ith  a m arin e  
tra n sg re ss io n  o c c u p y in g  p a r t  o f  th e  c u rre n t  M o u lo u y a  River 
b a s in  (A ran o  e t a l ,  1998). O th e r  v e rteb ra te s, su ch  as
C. russula, p re se n t a s im ila r  p a tte rn , w ith  d ivergences a m o n g  
clades d a te d  a b o u t  2 .2  M a a n d  e x p la in ed  o n  th e  basis o f  rap id  
a lte rn a tio n  o f  d ry  a n d  h u m id  p e rio d s  in  th e  reg io n  (C o sso n  
e t a l ,  2005). H o w ev er, th e  suggested  h y p o th es is  for R. saharica
im p lies  again  a very  h ig h  m ea n  C O I d iv erg en ce  ra te  in  
H. m eridionalis, 3.5%  M a " ',  ag a in  far h ig h er th a n  e s tim a te d  
rates fo r a n u ra  (M acey  et a l ,  1998; W eig t e t a l ,  2005).
A m u c h  o ld er scen a rio  is p ro p o se d  fo r Discoglossus by  
F ro m h ag e  e t a l  (2004). T hese  a u th o rs  d a te d  th e  s e p a ra tio n  o f  
th e  Ib erian  -t- M o ro c c a n  (w es te rn )  lineages f ro m  th o se  fro m  
S a rd in ia , Sicily a n d  T u n is ia  (eas te rn ) to  a b o u t  1 2 -1 0  M a, d u r in g  
th e  s tru c tu r in g  o f  th e  N eo -P y ren ees . A cco rd in g  to  F ro m h ag e  
et a l  (20 0 4 ), Discoglossus e n te re d  M o ro c c o  fro m  th e  Ib e r ian  
P en in su la  a n d  th e  w es te rn  lineage su b seq u e n tly  d iffe re n tia ted  
in to  D. scovazii f ro m  M o ro c c o  a n d  Discoglossus galganoi a n d  
Discoglossus jea n n ea e  f ro m  th e  Ib e r ian  P en in su la . In  th e  e a ste rn  
lineage, s e p a ra tio n  o f  th e  C a la b ro -P e lo r ian  m assif  f ro m  S ard in ia  
resu lted  in  th e  d iffe re n tia tio n  o f  Discoglossus sardus f ro m
D. p ictus, th e  species c u rre n tly  p rese n t in  Sicily, A lgeria a n d  
T u n is ia . In  th e  case o f  H . m erid ionalis, th e  te m p o ra l  fram e 
p ro p o se d  in  th is  h y p o th es is  is c o n c o rd a n t  w ith  m ea n  d ivergence  
rates p ro p o se d  fo r  o th e r  h y lo id  a n u ra n s , su ch  as B ufo, w ith  
0 .69%  M a " ' (M acey  e t a l ,  1998), o r  P hysalaem us, w ith  0 .4 3 -  
0 .49%  M a " ' (W eig t et a l ,  2005). H o w ev er, th is  scen a rio  im plies 
th a t  p o p u la t io n s  f ro m  M o ro c c o  a n d  T u n is ia  m ig h t n o t  be s is te r 
lineages. A key to  tes t th e  v a lid ity  o f  th is  h y p o th es is  for 
H . m erid ionalis  w ill b e  th e  reso lu tio n  o f  th e  p h y lo g en e tic  po s itio n  
o f  H yla  sarda, a n  e n d e m ic  h y lid  f ro m  C orsica  a n d  S a rd in ia . F o r a 
lo n g  tim e  th is  species w as in c lu d e d  w ith in  th e  w id e sp re a d  ta x o n  
H. arborea, as w as H. m eridionalis. U n fo r tu n a te ly  we lack a g o o d  
ph y lo g en e tic  f ram ew o rk  invo lv in g  E u rasian  hy lids in  g eneral 
a n d  M e d ite rra n ea n  on es  in  p a rticu la r . A s is te r  re la tio n sh ip  
b e tw een  H. sarda  a n d  T u n is ia n  H. m erid ionalis  w o u ld  su p p o rt  
th e  h y p o th es is  o f  an  o ld  e v o lu tio n a ry  h is to ry  o f  w h a t co u ld  be 
called  m erid ionalis  species g ro u p .
CO NCLUSIO NS
H yla  m erid ionalis, to  d a te  th e  o n ly  h y lid  species p rese n t in 
A frica, h as  sp re a d  recen tly , c o lo n iz in g  s o u th -w e s te rn  E u ro p e  
a n d  th e  C a n a ry  Islan d s  fro m  A frica. T h e  p o p u la t io n s  fro m  
s o u th -w e s te rn  E u ro p e  p rese n t a t least tw o  d iffe ren t a n d  
in d e p e n d e n t  o rig in s  w ith  id en tica l o r  v e ry  s im ila r  h ap lo ty p es  
o n  b o th  sides o f  th e  S tra it  o f  G ib ra lta r  sugg estin g  recen t, 
overseas d isp ersal ro u te s  p ro b ab ly  asso c ia ted  w ith  h u m a n  
m o v em en ts . P o p u la tio n s  f ro m  th e  C a n a ry  Islan d s  have n o  
genetic  v a ria tio n  w ith in  islan d s, in d ic a tin g  a sing le  a rrival fro m  
n o r th -w e s t A frica w ith  su b se q u e n t ex p a n sio n  inside  th e  
a rch ip e lag o , ag a in  asso c ia ted  w ith  h u m a n  activ ity . H ow ever, 
p o p u la t io n s  f ro m  T u n is ia  p re se n t a  h ig h  gen e tic  d ivergence  
w ith in  H. m erid iona lis  a n d  m u s t  be an a ly sed  to g e th e r  w ith  
o th e r  re la ted  taxa  f ro m  th e  w es tern  M e d ite rra n ea n . O u r  resu lts  
sh o w  th e  im p o r ta n c e  o f  h u m a n  ac tiv ity  as a b io g eo g rap h ica l 
fac to r, especially  in  a reas th a t  h ave  lo n g  b een  p o p u la te d  by  
h u m a n s , su ch  as th e  M e d ite rra n e a n  Basin.
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Evolutionary history of Lissotriton helveticus: multilocus 




The Pleistocene was characterized by climatic changes that greatly altered the 
distribution of organisms, with special incidence in the Holartic region. 
Population extinctions, bottlenecks, isolation, range expansions and 
contractions were often associated with glacial periods, leaving their signatures 
in the spatial patterns of genetic diversity across species. Lissotriton helveticus 
belongs to a Pan-European lineage of newts that were strongly affected by 
glaciations, and thus represent an excellent model to analyse the effect of 
generalized climatic changes in phylogeographic patterns.
Results
We studied the genetic diversity of the species using data from two 
mitochondrial and three nuclear genes analyzed in a Bayesian phylogenetic 
framework. Phylogeographic and historical demographic analyses were
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performed on mtDNA sequences from 100 individuals from 35 populations 
covering the whole range of L. helveticus to investigate the historical processes 
shaping spatial patterns of genetic diversity. Mitochondrial haplotypes cluster 
in four different groups, all of them present in the Iberian Peninsula and of 
Pleistocene origin, probably by allopatric fragmentation. Nuclear genes present 
no obvious patterns of geographic structure, suggesting gene flow and 
generalized incomplete lineage sorting. Populations north of the Pyrenees are 
closely related to those from northeastern Iberia, suggesting recent range 
expansion from this region. Historical demographic analyses indicate a 
considerable demographic expansion starting about 100,000 years ago 
followed by more recent population declines.
Conclusions
Compared to other Lissotriton species, L. helveticus includes only relatively 
young genetic lineages, suggesting a Central European pre-Pleistocene 
distribution followed by complete extirpation of the species during glaciations 
in that area. Historical demographic trends in the Iberian Peninsula are 
reversed with respect to the more Mediterranean species L. boscai, indicating 
different responses of both species to climate changes. Diversity patterns 
among Lissotriton species seem to be defined by four main factors: ancestral
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distributions, colonization capabilities, interactions with other species and 
effective population sizes. Differences in these factors define two types of 
species, referred to as “R” (réfugia) and “S” (sanctuaries) that explain part of 
the diversity in patterns of genetic diversity created by glaciations in Western 
Europe.
- 8 7 -
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Introduction
Climatic oscillations during the Quaternary have been crucial in the 
determination of present patterns of biological diversity, especially in the 
Holarctic region (Hewitt, 1996, 1999, 2000, 2001, 2004; Taberlet et al., 1998). 
On one hand they produced successive contractions and expansions of 
populations of different organisms, causing extinctions across broad parts of 
their ranges (Hewitt, 2000, 2004). Since the origins of many groups and 
species are much older, predating the Pleistocene (Zink & Slowinski, 1995; 
Klicka & Zink, 1997; Ribera & Vogler, 2004), glacial periods often acted as an 
impoverishing force that reduced intraspecific diversity by population 
extinction and range reduction. On the other hand, glaciations favoured 
geographical isolation o f populations in réfugia, prompting lineage 
differentiation by allopatric fragmentation. During interglacial periods, more 
favourable environmental conditions allowed the expansion of quartered 
populations from their réfugia into new territories, originating areas of 
secondary contact (e. g. Martinez-Solano et al., 2006; Babik et al., 2005; 
Sequeira et al., 2005). Although some generalized patterns have been depicted, 
including identification of common recolonization routes and clustering of 
secondary contact zones shared across studied taxa (Taberlet et at., 1998;
C a p i t i i l o  3
Hewitt, 2004), some species present specific responses to climate oscillations 
that are usually reflected in peculiarities either in the recolonization processes 
or in the genetic and demographic structure within the main réfugiai areas.
The accumulation and comparison of numerous phylogeographic studies in a 
given area provides a valuable framework to infer common historical patterns, 
but also the processes and events that give rise to patterns of intraspecific 
genetic diversity (Gomez & Lundt, 2006; Buckley, 2009). In this context, the 
compilation of data from closely related species that, sharing a common 
temporal evolutionary timescale, have been historically constrained by the 
same global events, is critical to determine the relative importance of species- 
specific responses in shaping patterns of intraspecific genetic structure.
The salamandrid genus Lissotriton is a group of five species of small newts 
distributed in the western Palaearctic, from the Iberian Peninsula and the 
British Islands to western Siberia. Species in this genus are old, dating back to 
at least the Miocene (Babik et al., 2005; Rafinski & Arntzen, 1987; Steinfartz 
et al., 2007), so all of them have been under the effect of Quaternary climate 
changes, in a way or another. To date, and based on different molecular 
markers, there is detailed information about the evolutionary history of each of
- 8 9 -
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these species (Ragghianti & wake, 1986; Babik et a l ,  2005; Martinez-Solano 
et al., 2006) except L. helveticus.
Lissotriton helveticus (Razoumovski, 1789) is a western European newt 
present from the northern half of the Iberian Peninsula to the West of the 
Czech Republic and also in most part of Great Britain (Raffaëlli, 2007). It 
presents sympatric populations with other Lissotriton species: with L. boscai in 
northwestern Iberia and, more widely, with L. vulgaris in Great Britain and 
Central Europe. Hybrids with the latter species have been found sporadically 
but interspecific crossings are apparently rare in the wild (Arntzen et al., 
1998). On the basis of morphological differentiation, including secondary- 
sexual characters and variation in coloration patterns, different subspecies 
were originally described from the Iberian Peninsula. Lissotriton h. alonsoi 
(Seoane, 1885) from northwestern Spain, L. h. sequeirai (Wolterstorff, 1905) 
from northern Portugal and considered a synonym of the former by Salvador 
(1973), and L. h. punctillatus (Schmidtler, 1970), with a very restricted 
distribution in the “Pozo Negro” glacial lake in northern Burgos. North of the 
Pyrenees the species presents much less morphological variation, with the 
exception of paedomorphic populations (Garcia-Paris et al., 2004). However, 
more recent morphological surveys from populations in northern Iberia reject
-90
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the validity of these taxa, suggesting, instead, a pattern of variation among 
populations related to elevation (Galan, 1985). No genetic studies are so far 
available to evaluate the degree of morphological diversification and the 
genetic structure of this species in an explicit historical (phylogeographic) 
framework.
In general terms, Lissotriton  species present a common phylogeographic 
pattern of both, deep intraspecific lineages in the southern parts of their ranges, 
areas that supposedly included several glacial réfugia, and relatively 
homogeneous patterns of genetic variation in northern populations, probably as 
a result of recent recolonization events (Ragghianti & wake, 1986; Babik et a l,  
2005; Martinez-Solano et al., 2006 ). If this was the case of L. helveticus, it 
would predictably fit the model of "réfugia within réfugia" described for 
several Iberian species, characterized by the persistence of ancient lineages 
through Pleistocene glacial cycles (Gomez & Lundt, 2006). However, other 
alternatives are plausible. Compared to its wide distribution in Western Europe 
north of the Pyrenees, its presence in the Iberian Peninsula is limited and 
basically restricted to typically Euro-Siberian habitats with little presence in 
the Mediterranean biogeographic region outside the mountains. This situation, 
as in L. montandoni, is compatible with the possible existence of northern
-91 -
réfugia for the species (Stewart & Lister, 2001). In this case, the absence of 
competing species could have allowed its expansion into the Iberian Peninsula, 
occupying territories with favourable environmental conditions during the 
Quaternary period.
In this study we analyse patterns of genetic variation along the range of L. 
helveticus, with special emphasis on populations in the Iberian Peninsula, and 
discuss the phylogeographic structure of the species in relation to its 
evolutionary history. A comparative study of our results relative to published 
data from other closely related Lissotriton  species, as well as with other 
similarly distributed organisms, serves as an evaluative tool to assess factors 
that have shaped the genetic structure and the current distribution of species in 
a region recurrently affected by climatic oscillations in recent geological times. 
Based on these comparisons we propose the existence of two distinct types of 




We obtained tissue samples from a total of 100 individuals from 35 
populations along the whole species’ range. Eight of these populations are 
represented by a single sample, whereas for the rest we sampled 2-7 
individuals, trying to represent most of the mitochondrial DNA (mtDNA) 
haplotype variation on a broad geographical scale (fig. 1; table 1). A subset of 
this sampling was used to obtain nuclear sequences from three different genes 
to compare with mtDNA genealogies.
Total genomic DNA was extracted from ethanol preserved and frozen tissues 
(tail tips and liver) using a phenol-chloroform protocol (Sambrook & Russell,
2001), preceded by a digestion with proteinase K. Part of the samples 
corresponded to long time frozen (-80°C), homogenized tissues used in a 
previous allozyme electrophoresis study (M ontori, Llorente & Arano, 
unpublished data) that were extracted under the same protocol. Polymerase 
chain reaction (PCR) was used to amplify a total of 1355 base pairs (bp) of 




Figure 1. A: geographic distribution of Lissotriton helveticus and localities 
sampled for this study North of the Pyrenees. B: localities sampled in the Iberian 
Peninsula. Populations are identified with numbers (see table 1). Colours 
represent the four main mtDNA groups identified (blue: Northwestern; green: 
Asturian; yellow: East Cantabrian; red-orange: Northeastern).
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gene {COXl), using the primers LCO1490 (Folmer et al., 1994) and COI-H 
(Machordom et a i,  2003), and 711 bp of the mitochondrial control region {D- 
loop) using the primers PRO and PHE (Martinez-Solano et al., 2006). With 
respect to nuclear markers, we amplified 453 bp of the seventh intron of the 
beta fibrinogen gene {Fib) using the primers Fib-F and Fib-R (Nadachowska & 
Babik, 2009), 493 bp of the Chemokine receptor 4 (Cxcr4) gene using the 
primers Cxcr4-F and Cxcr4-R (Nadachowska & Babik, 2009) and 742 bp of an 
anonymous noncoding genomic DNA fragment {Tva4) using primers Tva4-F 
and Tva4-R (Nadachowska & Babik, 2009). For some samples we used 
internal primers to amplify 554 bp of the latter fragment. These primers are 
Tva4I-F  (5 ' -CC AGGTC AGC A AG A GCCTAT-3 ’ ) and Tva4I-R  (5 ’- 
TGGGTGGCTCAGTCTTCTCT-3’).
PCR reactions were performed in a total volume of 25ml, including one unit of 
Taq polymerase (Biotools, 5 U/ml), 2.5mM of each primer, 0.4 mM of dNTPs, 
1.5 mM of MgCl2 and 67 mM of a reaction buffer (Tris-HCl, pH=8.3, 
Biotools). PCR reactions consisted of 35 cycles with a denaturing temperature 
of 94 °C (45 seconds), annealing at 48 °C {C O X l), 56°C {D-loop), 58°C 
{Tva4), 67°C {Cxcr4) or 60°C {Fib) (45 seconds), and extension at 72 °C (45 
seconds). Double strand templates were cleaned using sodium acetate and
-95
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ethanol to precipitate the PCR products and then re-suspended in 22 ml of 
ddHjO. Sequencing reactions were performed for both strands and sequenced 
on an ABI PRISM 3700 DNA sequencer (Applied Biosystems) following the 
manufacturer’s instructions and the conditions described in Martmez-Solano et 
a/. (2006).
Sequence alignment and phylogenetic analyses
Two closely related species, Lissotriton vulgaris and L. boscai were chosen as 
outgroups. Sequences of L. vulgaris were obtained in the laboratory while 
those of L. boscai were obtained from GenBank (accession numbers 
DQ491890 (Martmez-Solano et al., 2006) and EF525956 (Smith et al., 2008). 
Sequences were compiled and revised using Sequence Navigator™ version 
1.0.1 (Applied Biosystems) and aligned manually except the D-loop sequences 
that were aligned using the online version of MAFFT v.6 (Katoh & Kuma,
2002). Several nuclear sequences resulted in two alleles that differed at one or 
more sites. In these cases, we used the software Phase v2.1 (Stephens et al, 
2001) to infer haplotype phase.
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We performed Bayesian phylogenetic analyses with M rBayes v3.1.2 
(Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003), The optimal 
substitution models for each gene and partition were selected with ModelTest 
v3.7 (Posada & Crandall, 1998). Mitochondrial genes were analyzed together 
considering three different partition designs. First with two partitions using the 
best models for both genes. Second with three partitions using the best model 
estimated for D-loop, the best model for first and second codon positions of 
C O X l and the best model for the third positions of C O X l. Third with four 
partitions using the best models estimated for D-loop and each codon positions 
of C O X l. The Bayes factor for each analysis was calculated with Tracer 1.3 
(Rambaut & Drummond, 2007) to select the best data partitioning scheme. 
Nuclear genes were analyzed independently considering the best model 
estimated for each one. We initiated the analysis with random starting trees 
and ran four Metropolis coupled Monte Carlo Markov chains (three heated, 
one cold) for 20 millions of generations, sampling every 1000 generations. We 
checked for stationarity and convergence of the chains with TRACER 1.5 
(Rambaut & Drummond, 2007) and discarded 2000 trees as burn-in. Posterior 
clade probabilities were used to assess nodal support. Additionally we 
constructed a haplotype network using the software TCS 1.2.1 (Clement et al., 
2000), which follows the statistical parsimony algorithm described in
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Templeton et al. (Templeton, 1992). Ambiguities in the network were resolved 
after the recommendations in (Pfenninger & Posada, 2002).
We used BEAST v l .5.4 (Drummond & Rambaut, 2007) to estimate 
divergence times among clades. We used sequences of Lissotriton vulgaris, L. 
boscai and Mertensiella caucasica [GenBank accession number EU880319 
(Zhang et al., 2008)] to calibrate the nodes. The age of the Lissotriton clade 
was set in 21 My a with normal distribution and 1.0 as standard deviation 
(Martmez-Solano et al., 2006). The age of the root of the whole tree was set in 
48 Mya with lognormal distribution and 1.0 as standard deviation (Martmez- 
Solano et al., 2006 ). The analyses were run under an uncorrelated lognormal 
relaxed clock model and the Birth and Death process spéciation tree prior with 
a length of chain of 250 millions sampled every 1000 generations. The analysis 
was performed twice and the results combined in tracer with a bumin for each 
run of 25000 generations.
Phylogeographic and historical demographic analyses
We tested the possible existence of “isolation by distance” (IBD) processes in 
the different mitochondrial lineages. For this we performed M antel’s tests
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(Mantel, 1967) to analyse the relationships between genetic and geographical 
distances considering samples and groups of samples, in our case the main 
clades recovered in the phylogenetic and phylogeographic analyses. The 
matrices of geographical (km) and genetic (ML-corrected) distances were 
generated with Geodis v2.4 and PAUP v4.0bl0 respectively (Posada et a l ,  
2000; Swofford, 2002). To perform Mantel’s tests we used GEN ALEX version 
6, with 999 permutations to estimate the 95% upper tail probability of the 
matrix correlation coefficients. In the cases we found significant associations 
between genetic and geographical distances, the corresponding scatter plots 
were visually analysed, since its patterns are indicative of the possible effects 
of random genetic drift and gene flow in the geographical genetic structure 
(Hutchison & Templeton, 1999).
We used analysis of molecular variance [AMOVA, (Excoffier et a l ,  1992)] to 
characterize patterns of genetic variation at different hierarchical levels 
(individuals, populations, and the main groups characterized by their general 
geographic distribution and mtDNA lineages identified by phylogenetic 
analyses) as implemented by Arlequin v. 3.11 (Excoffier et al., 2005). Levels 
of significance of statistics characterizing variation at different hierarchical 
levels were assessed through 10000 permutations.
99-
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The demographic history of the different L. helveticus lineages was inferred 
using different approaches. For a Bayesian coalescent approach (Drummond et 
al., 2005) we chose a Bayesian Skyline Plot (BSP) as our initial demographic 
model. BSP estimates a posterior distribution of effective population size 
through time using standard Markov chain Monte Carlo (MCMC) sampling 
procedures, calculating directly from the sequence data rather than from a 
predetermined genealogy, and offering credibility intervals for the given 
estim ates (D rum m ond et al., 2005). This method was performed as 
implemented in BEAST vl.5 , running 50 millions of generations. Bum-in and 
final BSP was determined with TRACER vl.5. The second approach were 
mismatch-distribution analyses of pairwise mtDNA differences (Slatkin & 
Hudson, 1991), comparing the observed distributions with that expected under 
a model of populations expansion, which are usually unimodal compared with 
the multimodal distributions of populations in equilibrium or that are 
subdivided (Martmez-Solano et al., 2007). The analyses were performed with 
Arlequin v 3 .I l (Excoffier et al., 2005) and the goodness-of-fit of the 
compared models was tested with 1000 bootstrap replicates. Finally we also 
used Fu’s test of neutrality (Fu, 1997), searching for signals of population
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expansions of the analysed lineages, as implemented in DNASP v4.20.2 
(Rozas et al., 2003).
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Results
Phylogenetic analyses
A total of 100 specimens of L. helveticus  were studied through DNA 
sequencing. The combination of mtDNA sequences of COXl and D-loop data, 
yielded an ingroup dataset of 1355 base pairs (bp), of which 1302 were 
constant and 35 were parsimony informative. When outgroups are included the 
database size increases (because of insertions) to 1388 bp, with 1055 constant 
characters and 136 parsimony informative. We found 47 haplotypes among the 
studied sequences. Some insertions and deletions were observed between L. 
helveticus  and the outgroups in the non-coding D-loop  sequences. Mean 
nucleotide frequencies in L. helveticus D -loop/COX l sequences were 
29.18/24.93%  for A, 21.28/26.88%  for C, 15.88/18.86% for G and 
33.66/29.33% for T. The best models selected by the Akaike information 
criterion (AlC) were T1M4-G and TrN+1 for D-loop and COXl respectively. 
For C O Xl sequences we also estimated the best substitution models for the 
different codon positions: TrN for the first positions, F81 for the second 
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Figure 2. Bayesian phylogenetic reconstruction of the mitochondrial haplotypes 
found in Lissotriton helveticus. Posterior probability values are given for main 
clades.
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positions. Sequences were deposited in GenBank and accession numbers are 
given in table 1 [to be added upon manuscript acceptance].
For nuclear genes we analyzed sequences from a subset of 39 individuals, with 
453 bp for Fib, 493 bp for Cxcr4 and 742 bp for Tva4. All three genes are 
characterized by reduced variation in L. helveticus except for a few divergent 
haplotypes. In Fib sequences, 431 characters were constant, with 21 parsimony 
informative characters. The best substitution model under AIC was F81 and 
base frequencies were 30.59% for A, 20.34% for C, 16.74% for G and 32.33% 
for T. The Cxcr4 sequences presented 484 constant characters and only 4 were 
parsimony informative. The best model was K81 and bases presented equal 
frequencies. In Tva4 sequences 693 characters were constant and 43 were 
parsimony informative, with HKY as the best substitution model and base 
frequencies of 35.53%, 20.63%, 19.74% and 24.1% for A, C, G, and T 
respectively.
The different partition schemes tested in the phylogenetic analyses of the mtDNA 
data produced identical topologies. The observed structure in our phylogenetic 
reconstructions presents a peculiar distribution of haplotypes. On one hand we 

















F ig u re  3. Midpoint rooted Bayesian phylogenetic reconstructions of the three 
nuclear genealogies in Lissotriton helveticus. Posterior probability values are 
given for main clades.
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structure (figs. 1, 2, 4). On the other hand we find a group of haplotypes, all 
coming from populations from Asturias and northern Leon, that are not clustered 
together, but are distributed along the basal structure of the whole L. helveticus 
clade (figs. 1, 2) and are central in the haplotype network (fig. 4). Based on these 
results we defined four different geographic groups; the “Northwestern” group 
(blue in figures 1 ,2 ,3 , 4), which includes samples from the north of Portugal and 
Galicia; the “Asturian” group (green), formed by haplotypes found in Asturias and 
northern Leon; the “East Cantabrian” group (yellow), distributed mainly in 
Cantabria, Palencia and Burgos, but also in La Rioja and Soria; and finally, the 
“Northeastern” group (red), found in the Northeast of the Iberian Peninsula and 
north of the Pyrenees to Great Britain and Germany. The “Northwestern”, “East 
Cantabrian” and “Northeastern” clades were well supported by posterior 
probability values (fig. 2). The divergence time estimates for mtDNA clades 
suggest a Pleistocene origin of the four main groups (all of them are recovered as 
well supported clades in BEAST analyses). The earliest split probably occurred 
around 1.28 (0.24-2.76) million years ago (Mya) and most of the nodes originated 
in the lower-middle Pleistocene. Age of the most recent common ancestor for the 
“Northwestern” clade dates back to about 0.42 (0.04-1.01) Mya, 0.55 (0.11-1.16) 
Mya for the “Cantabrian” group, 0.48 (0.1-1.05) Mya for the “Northeastern” and
1.0 (0.19-2.14) Mya for the “Asturian” group.
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Figure 4. Statistical parsimony haplotype network of mtDNA sequences from L. 
helveticus. Colours conform to the main groups as defined in figs. 1 and 2.
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The topologies obtained with the three nuclear markers are conditioned by their 
low intraspecific variation and are characterized by a generalized pattern of 
incomplete lineage sorting. The Tva4 topology presents three main clades (fig. 3). 
One of them is formed by a single haplotype present in two not very distant 
populations, one form the "Asturian" group and other from the "Eastern 
Cantabrian" group. This clade is the sister of a three haplotype clade where the 
rest of the "Asturian" populations cluster together with the Portuguese ones and 
with some of the "Northeastern" populations. The third clade is formed by 
haplotypes present both in the "East Cantabrian" and the "Northeastern" groups, 
although the most common haplotype is also present in a very distant population 
from Galicia.
The Cxcr4  topology presents two main clades (fig. 3) with no evident 
geographic pattern. The most common haplotype is present across the whole 
geographic range of the species, from Portugal to Germany.
The Fib topology presents three main clades (fig. 3). One of them is formed by 
low frequency haplotypes present in "Northeastern" populations, while the 
other two clades present a mixed geographical composition. There are two 
predominant haplotypes. One is characteristic from "Asturian" populations, but
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is also present in Galicia and Cantabria. The other is widely distributed, from 
Portugal to southern Great Britain.
Although there is no evident geographic structure observed in nuclear 
sequences, there seems to be a weak pattern of incipient sorting of haplotypes 












y = 2E-06x + 0 ,0067  
= 0,0288
•  #  W #  *  #  — # W #  •
* # # # #  •  •  ♦ 
m m ernm em m ^ #  * * * #  # *  #  #
•  # #  m  • •  •  •  •
e #  •##### # » ♦♦ ♦ ___
♦ •  * # # # #  # # « » # # #  *
È— m  m  •  m m  • •




Figure 5. Isolation by distance (IBD) plots (uncorrected genetic distances - p -  vs. 
geographical distances, in kilometres) for the total sample dataset and including 
regression equations and correlation coefficients. Main groups show similar 
patterns when analyzed independently except the “East Cantabrian” group, with 
non-significant results (see table 2).
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Phylogeographic and historical demographic analyses
Except for the “East Cantabrian” group, we found significant relationships 
between geographical and genetic distances in all Mantel tests performed, both 
for all individuals of L. helveticus and for the three remaining major lineages 
separately (table 2). However, in all cases correlations are weak with 
coefficients ranging from 0.03 to 0.40, being highest in the “Northwestern” 
group that, with few samples included in the analysis, probably offers an 
incomplete picture of the population variation and structure in that region. 
Additionally, the scatter plots (fig. 5) reflect a generalized lack of regional 
equilibrium, with drift apparently more influential than gene flow, similar to 
pattern III in Hutchison & Templeton (1999), suggesting that other processes 
apart from isolation by distance have affected the genetic structure of the 
populations.
Results from AMOVA indicate that most of the observed variation among 
mtDNA lineages is related to differences between groups (76.16% of the total 
variance observed). Lower values were observed for variance related to 
differences among populations within groups (12.69%) and within populations
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Figure 6. Mismatch distributions of sequences in the total sample dataset and the 
four main mitochondrial lineages identified in this study. White bars represent the 
observed frequencies of pairwise differences between haplotypes; black lines 
represent those expected under the model of population expansion.
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Mismatch distributions were multimodal for the total data set and the 
“Northwestern” group, suggesting a history of population stability or subdivision, 
whereas they were clearly unimodal for the “Northeastern”, “Asturian” and “East 
Cantabrian” groups, which is indicative of population expansion (fig. 6). 
Accordingly, Fu’s Fs test was significant, again indicating population expansion, 
for the total data set and all groups except the “Northwestern” (table 2). The result 
of the historical demographic reconstruction under the BSP model for the total 
sample dataset is shown in fig. 7. When all individuals are analyzed together, we 
see that for the last million years the population size remained constant until about
100,000 years ago, when the populations started to experience a considerable 
demographic expansion that lasted for several thousands of years until it started to 
decrease in recent times. When we analyze the different groups separately, we 
find similar patterns of demographic expansions in all groups but the 
“Northwestern” one, which presents a relatively small but constant population 
decrease, although the small sample size in this particular group makes the results 
unreliable.
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Figure 7. Bayesian Skyline Plot (BSP) showing historical demographic trends in 
Lissotriton helveticus', x-axis: time in millions of years before present; y-axis: 
estimated population size [units = Net, the product of effective population size 
and generation length in years (log transformed)]. BSPs for the main groups, 
when analyzed independently, show similar trends except the “Northwestern”, 
which shows a slight and continuous population decrease but with little resolution 
due to low sample size.
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Discussion 
Evolutionary history 0/ Lissotriton helveticus
The phylogeographic structure of Lissotriton helveticus in the Iberian 
Peninsula presents a pattern that is superficially similar to the recurrent model 
of “réfugia within réfugia” (Gomez & Lundt, 2006) often found in the 
M editerranean peninsulas. Climatic fluctuations during the Quaternary 
probably played a key role in the origin of the main lineages in L. helveticus by 
favouring isolation and subsequent allopatric differentiation, as our results 
suggest. Based on our divergence time estimates, the original fragmentation of 
the main mtDNA clades in L. helveticus occurred around 400,000 to 1 million 
years before the present, from Lower to Middle Pleistocene. These are 
relatively recent events if we consider that the age of this species was 
estimated in about 20 millions of years (Babik et al., 2005) and that other 
Lisso triton  species such as L. boscai and L. vulgaris present much older 
lineages that originated during the Pliocene and even the Miocene (Babik et 
al., 2005; Martmez-Solano et al., 2006), as is also the case in several other taxa 
with comparable distributions, e. g. Chioglossa lusitanica (Alexandrino et al., 
2000; Alexandrino et al., 2002), Salamandra salamandra (Garcia-Parîs et al..
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1998, 2003), Alytes obstetricans (Martmez-Solano et al., 2004; Gonçalves et 
al., 2006), and Lacerta schreiberi (Paulo et al., 2001). This relatively shallow 
differentiation has relevant implications for the evolutionary history of L. 
helveticus, and represents the basic difference with the mentioned "réfugia 
within réfugia" model.
One possible hypothesis to explain this pattern is that ancient lineages in the 
Iberian Peninsula have become extinct. There are alternative hypotheses, 
however, to consider in order to explain the absence of Pliocene or older 
Iberian lineages. Lissotriton helveticus could have speciated during the Lower 
M iocene somewhere in Central or W estern Europe outside the Iberian 
Peninsula. This situation is compatible with the fossil record, which includes 
remains assigned to the species in Middle and Upper Pleistocene deposits from 
Central Europe and Great Britain (Ashton et al, 1994; Holman, 1998, 2000; 
Green et al., 2006; Ivanov, 2007) and even Miocene remains found in sites 
north of the Pyrenees that have been identified as, or at least affinis to, L. 
helveticus (Rage & Bailon, 2005).
Following this scenario, the Iberian Peninsula would have been colonized 
later, at least not before the generalized cooling of the weather that started in
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the Pleistocene, probably at the same time as other species, like Mesotriton 
alpestris (Sotiropoulos et al., 2007) or Rana temporaria (Veith et al., 2003). 
The oldest fossil remains in this region come from Middle Pleistocene deposits 
(Sanchiz, 1987). The colonization of the Iberian Peninsula probably was 
facilitated not only by the changes in environmental conditions but also by the 
retreat of a competing species such as L. boscai to southwestern regions. The 
phylogeographic pattern found in L. helveticus could therefore be explained 
assuming that one or several extinction events took place, probably associated 
with glacial maximum times, which eliminated most o f the species’ 
populations except those present in réfugiai areas in the northern third of the 
Iberian Peninsula. The approximated location of these areas is coincident with 
réfugia proposed for other species (Gomez & Lundt, 2006). One has been 
proposed along the Atlantic coast of the Peninsula, most likely in the northern 
half of Portugal, where réfugia for species such as Chioglossa lusitanica 
longipes (Alexandrino et al., 2000, 2002), Lissotriton boscai (Martmez-Solano 
et al., 2006), Lacerta schreiberi (Paulo et al., 2001) or Podarcis bocagei 
(Pinho et al., 2007) existed. Another one would be located in the western 
Cantabrian mountains, as hypothesized also for other taxa like Salamandra s. 
bernardezi (Garcia-Paris et a l., 2003), M esotriton alpestris cyreni 
(Sotiropoulos et al., 2007) or Lepus castroviejoi (Pérez-Suarez et al., 1994). A
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third réfugia would be in the northeastern part of the Iberian Peninsula, maybe 
along the Ebro basin and the Mediterranean coast, or maybe associated to the 
complex orography of the Pre-Pyrenean ranges, as it is probably the case for 
species of the genus C alotriton  (Carranza & Amat, 2005) and Pyrenean 
Iberolacerta (Carranza et al., 2004). A fourth one could have existed in the 
Sistema Ibérico Mountains, again a very complex area that served as a 
refugium for species like Pinus pinaster (Salvador et a l,  2000) or Nebrioporus 
croceus (Ribera, 2003).
Molecular data allow us to determine the amount of genetic diversity that has 
persisted along a period of extinctions and, together with comparable data 
from closely related taxa, give us an idea of how much has been lost through 
the Pleistocene climatic change cycles. However it gives us little hints of the 
evolutionary history of the species in areas where it completely disappeared at 
a given time, as seems to be the case for L. helveticus. As it has been recently 
proposed (Araujo et a l ,  2008), species richness among amphibians and reptiles 
in Europe is strongly influenced by historic climate changes, which have 
affected specially narrow-ranging species probably because of their reduced 
dispersal capacity that prevents them to track climate changes, favouring 
endemicity in areas with more stable conditions (Jansson, 2003). It is logical to
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suppose that the southward expansion of Polar conditions erased an amount of 
diversity at least equal to the diversity present today in the southern European 
peninsulas.
Given our limited sampling outside the Iberian Peninsula we cannot reject the 
hypothesis of the persistence of some northern réfugia for the species. 
However our data seems to indicate that populations of L. helveticus north of 
the Pyrenees originated from a rapid range expansion from the Iberian 
Northeast, most probably during the Holocene as a consequence of the 
amelioration of climatic conditions. This is in accordance with previously 
proposed biogeographic hypotheses for this species (Zuiderwijk, 1980) and 
also fits the general model proposed for postglacial recolonization of Western 
Europe (Taberlet et al., 1998; Schmitt, 2007). If we consider the limited 
dispersal ability of the species, this process probably took place as a 
contiguous range expansion. Again considering the poor capabilities of 
amphibians in general for oversea dispersal, the most likely way in which 
Great Britain was colonized was before the land bridge with the continent 
totally disappeared under the English Channel, 7,500 years ago at the very 
latest (Lambeck, 1997; Sanchiz, 2002; Martmkova et al., 2007), which is 
completely compatible with the Holocene expansion hypothesis. A full
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characterization, using fast evolving markers such as microsatellites, of the 
genetic diversity of L. helveticus populations outside the Iberian Peninsula is 
needed to complete our knowledge on the colonization routes and mechanisms 
of expansion of the species north of the Pyrenees.
Phylogeographic implications
The possibility that L. helveticus has expanded its distribution range in 
thousands of square kilometres in about 10,000 years raises several questions, 
including: why didn’t they expand to the south as well? Why is there so little 
introgression/admixture among mtDNA lineages? The answer to the first 
question may be related to the ecological requirements of the species, which 
include the cool and humid conditions typical of the Euro-Siberian phyto- 
climatic region and mountain habitats. Only a few populations of L. helveticus 
are known in M editerranean habitats. These are often isolated and in 
precarious state of conservation and many populations from the Northern 
Plateau in central Spain have recently disappeared (Barbadillo, 2002). 
However in areas of favourable habitat, such as most of Galicia and northern 
Portugal, the species is not as common as expected. Here there is sympatry 
with the other Iberian species of the genus, L. boscai, which usually presents
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higher densities and is more ubiquitously found. Apparently there is a 
progressive replacement of both species: as we move westwards and 
southwards L. helveticus is rarer than L. boscai, while L. helveticus becomes 
the dominant species as we move eastwards along the Cantabrian region. A 
similar pattern has been described between L. helveticus and L. vulgaris in 
Central Europe (Zuiderwijk, 1980), which could indicate there is some kind of 
competitive interaction among these species that prevents further expansions 
of their distributions, or at least not as fast as if there were no other competing 
species. The existence of wide areas of overlap between L. helveticus and L. 
vulgaris could be associated with the timing of the range expansion process. If 
Central Europe and Great Britain were colonized by these two species at 
similar times, low densities in the newly formed populations probably allowed 
the simultaneous colonization and largely sympatric distribution of both 
species in these regions.
The observed lack of admixture between mtDNA lineages is probably 
associated to the peculiarities of this molecular marker rather than to actual 
restrictions to gene flow among the groups. At present there is a continuous 
area with propitious habitat from the Pyrenees to northern Portugal and in 
these conditions moderately high levels of gene flow among populations is
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expected. A similar pattern has been described for Salamandra salamandra in 
the same geographical area (Garcia-Paris et al., 2003). According to mtDNA 
data, S. salamandra populations are strongly structured along the Cantabrian 
region, but this structure is lost when analyzed with nuclear markers. The 
persistence of ancestral mtDNA lineages in these situations of high nuclear 
admixture is usually explained by differences in the evolutionary dynamics 
between maternally inherited molecular markers such as mtDNA genes from 
those in the nuclear genome (Birky et al., 1983, 1989). The effective 
population size for mtDNA is about four times smaller than for nuclear DNA 
when sex ratio is 1:1 and if the sex ratio is skewed towards males the mtDNA 
effective population size is progressively reduced (Birky et al., 1983). As a 
consequence, processes such as genetic drift are more marked at the 
mitochondrial level. The migration of mtDNA haplotypes could then be 
affected by the existence of large and already settled populations, especially if 
colonization of new areas is the result of contiguous range expansions, as our 
results suggest. In our case, the only population with mtDNA haplotypes from 
two different lineages is Camprovin, in the medium course of the Ebro River, 
giving additional support to the important role of this river as a dispersion 
vector for this species, allowing relatively long distance colonization and the 
admixture of ancestral lineages. Our nuclear results show a generalized lack of
- 121 -
{ a p i l u i o  3
geographic structure among the observed variation. This is probably explained 
by incomplete lineage sorting in these markers but also by the existence of 
considerable gene flow among populations. There is a shallow signal of 
lineage sorting in some populations of the "Northeastern" group, but with 
differences among the three studied genes. Gene flow reduction, small 
population size, bottlenecks, founder effects, could be some of the triggers for 
this incipient sorting. The results found in L. helveticus and other species 
(Irwin, 2002; Martmez-Solano et al., 2007), with differentiated mitochondrial 
lineages along continuously populated areas argues against the often urging 
necessity to invoke the presence of physical barriers to explain the persistence 
in time of such patterns.
Within L. helveticus, estimated population sizes seem to have remained 
constant for most part of the last million years (fig. 7). The absence of 
dramatic population size reductions could have also favoured the integrity of 
ancestral lineages. Our results from historical demographic analyses suggest 
the existence of a population size expansion that started about 100,000 years 
ago, roughly corresponding with the last glacial age. This could be related, as 
suggested for other amphibians such as Hyla intermedia (Canestrelli et a l., 
2007), to an increase of favourable habitat for L. helveticus, but also with a
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retreat of potentially competing species like L. boscai, which, compared with 
L. helveticus, presents a reversed historical demographic model [as represented 
in fig. 3 in M artmez-Solano et al (2006)]. The only group not showing 
expansion, but rather a progressive population size reduction is the 
Northwestern lineage, which supposedly shared réfugia with L. boscai. The 
end of the last glacial period apparently affected population sizes in L. 
h elve ticus  negatively in the Iberian Peninsula but favoured L. boscai 
(Martmez-Solano et al., 2006), which is probably associated to an expansion 
of Mediterranean conditions in the region and indicates the importance of 
autoecological traits in demographic responses to climate changes.
Biogeographic implications
The Iberian Peninsula is the tip of the large European Peninsula and, following 
the principles of the Peninsular Effect (Simpson, 1964), should present a 
reduced diversity compared to areas closer to the “main continent” (Baquero & 
Telleria, 2001). However Iberia presents a high degree of endemicity and 
important diversity hotspots when compared with most parts of Europe, which 
contradicts this idea. The arrival of African taxa alone could hardly explain
123-
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these differences so the question is why are endemicity and diversity higher in 
the Southern Peninsulas?
The phylogeographic patterns observed in the two Iberian Lissotriton species 
have been shaped by processes associated to climate changes during the 
Pleistocene. The resulting specific patterns conform to two different models 
(fig. 8) that can be roughly applicable to many other European species and that 
are identifiable by their genetic signatures in mitochondrial lineages. Species 
such as L. boscai, represent old inhabitants of the Peninsulas that persistently 
occupied at least parts of their ancestral ranges through the glacial cycles. In 
these cases, the existing populations would present traces of their long, 
independent evolutionary histories in that area, with deep phylogenetic 
lineages and genetic variation markedly structured geographically. Under this 
model. Pleistocene glaciations probably caused fragmentations and favoured 
lineage sorting, but allowed preservation of at least part of the accumulated 
ancestral diversity, creating, rather than réfugia, sanctuaries of biological 
diversity. We refer to taxa under this model as type “S” (sanctuary) species. 
Other well-studied cases that fit this model include both geographically 
restricted species like Chioglossa lusitanica (Alexandrine et a i,  2000, 2002) 
and widespread taxa like Salamandra salamandra  (Steinfartz et a l ,  2000;
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Garcia-Paris et a i ,  2003) oï Alytes obstetricans (Martmez-Solano et al., 2004; 
Gonçalves et al., 2006). For most cases in model “S” species there are 
evidences of recent, big or small, range expansions after the last glacial 
maximum, but there are no evidences for range contractions during the 
Pleistocene, suggesting a certain stability of populations with migrations and 
range expansions limited geographically, maybe to altitudinal movements.
Species such as L. helveticus, represent taxa that colonized Iberia during the 
Quaternary in times of generalized climate changes. The cooler conditions 
characterizing the Pleistocene triggered southward range expansions in many 
Central and Northern European species. The newly colonized areas resulted in 
the precursors of truly glacial réfugia, where only a small part of the 
populations could survive to generalized extinctions and most of the ancestral 
intraspecific diversity was lost under the ice, with the current diversification 
resulting from Pleistocene fragmentation and isolation in the réfugia. We call 
them type “R ” (réfugia) species. In these cases a much shallower 
mitochondrial diversification is expected. Lineages would not probably be 
older than one million years and, in the case of widely distributed species, with 
large areas of genetically homogeneous populations. Several European taxa
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can be ascribed to this model, for example Bufo calamita (Rowe et al., 2006) 
or Apodemus sylvaticus (Michaux et al., 2003).
The complexity generated by the presence of sets of species representing each 
model in Iberia and other Mediterranean peninsulas results in a markedly 
higher diversity when compared to other regions in Central and northern 
Europe and gave rise to the “réfugia within réfugia theory” which, in fact, can 
be misleading. The relative contribution to the diversity of a region of “R” and 
“S” species can be a more useful indicator of the incidence of past glaciations 
and of the levels of biodiversity lost by climate changes.
It has already been suggested that neutral genetic diversity in populations is 
more affected by its position relative to historical réfugia than to the core of 
the current range (Garner et al., 2004) and our data support this idea. 
Populations from recently colonized areas are often considered marginal and 
are neglected in conservation efforts because of their reduced genetic variation 
(Lesica & Allendorf, 1995). Nevertheless these populations can be precursors 
of future réfugia under future global changes. Current trends in climate change
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Figure 8. Graphical representation of the phylogeographic models described in 
the text, from time 1, before climate changes, to time 4, when phylogeographic 
studies take place. Model “S” conforms to persistence of ancestral populations in 
areas within the original (ancestral) territory (represented by a grey-black zone). 
In this case, reduction of the distribution area and posterior range expansion is not 
necessarily mandatory. Model “R” conforms to species that suffered extinction in 
all ancestral territories. Past contraction of their distribution range is mandatory 
but not the posterior range expansion. Genetic diversity, larger in older 
populations, is represented by the intensity of dark colour. Arrows indicate 
direction of range expansion and white areas denote population extirpation due to 
climate change. High biodiversity levels in the European southern Peninsulas are 
promoted by the persistence of “S” and “R” species together, while only “R” 
species are present in central-northern Europe.
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threaten the persistence of many species in the Mediterranean region (Araujo 
et al., 2006) and the species that managed to expand their ranges further North 
may have more chances of survival in the near future. These “S” and “R” 
models can be applied not only to the Iberian but also to other Mediterranean 
peninsulas, suggesting that these areas acted not only as glacial réfugia but as 
sanctuaries for diversity whose conservation is more affected by the recent 
action of humans than by millions of years of ecological changes.
Diversity patterns in Lissotriton
Among the five species of Lissotriton we find three that present a restricted 
distribution, a priori reduced to the areas that served as réfugia during the 
Quaternary: L. montandoni in the Carpathian Mountains, L. italiens in the 
southern half of the Italian Peninsula and L. boscai in the western half of the 
Iberian Peninsula (Raffaëlli, 2007). A common pattern among these species is 
the lack of intraspecific morphological differentiation in their populations, 
which, together with their reduced distributions, could also imply a 
homogeneous genetic structure (Karron, 1987). However, L. italiens  and 
specially L. boscai present deep patterns of genetic variation associated to past 
fragmentation of their ranges (Ragghianti & Wake, 1987; Martmez-Solano et
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al., 2006). Lissotriton m ontandoni, in contrast, is characterized based on 
mtDNA [11] by extensive introgressive hybridization with its sister species, L. 
vulgaris (Kotlik & Zavaldil, 1999; Babik et al., 2003; Litvinchuk et al., 2003; 
Babik & Rafinski, 2004; Mikulicek & Zavaldil, 2008), although they are well 
differentiated when analyzed with nuclear markers, morphology and sexual 
behaviour (Babik et al., 2005 and references therein).
The other two species of the genus present much wider geographical 
distributions. Lissotriton vulgaris (Linnaeus, 1758) ranges from western 
Siberia and the Caucasus to Western Europe, including the British Islands but 
excluding the Iberian Peninsula and southern France (Raffaëlli, 2007). 
Through its range, high levels of morphological diversity have been described, 
concentrated mainly in the southern part of its distribution, a region where 
several glacial réfugia could have existed, and seven or eight subspecies are 
usually recognized (Raxworthy, 1990; Schmidtler & Frantzen, 2004; Raffaëlli, 
2007). The characters used to describe this intraspecific diversity correspond 
basically to secondary-sexual characters, which are supposed to be directly 
influenced by sexual selection (Halliday, 1990). The existence of different 
phenotypic groups goes along with the existence of a high genetic diversity 
and a relatively deep phylogeographic structure, although it is not always
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concordant with the morphological variation, which can be explained by the 
existence of local selective processes (Babik et al., 2005). In contrast, L. 
helveticus concentrates most of its intraspecific variation in a small part of its 
range corresponding to the Iberian Peninsula populations.
Allopatry seems to be the principal force in the genesis of species within 
Lisso triton , as in most amphibians (Vences & Wake, 2007). Given the 
observed patterns of diversity, the current distributions, and the fossil record, 
the most likely origin of L. boscai, L. italiens and L. vulgaris is located in the 
Mediterranean peninsulas, while L. helveticus and L. montandoni originated 
most probably in Central Europe. Allopatric processes are also the main factor 
in generating the observed intraspecific diversity patterns (Ragghianti & 
Wake, 1987, Babik et al., 2005; Martmez-Solano et al., 2006).
Patterns of diversity, however, are also governed by additional factors. One of 
them is the persistence of ancestral populations. Diversity, both at specific and 
intraspecific levels, is concentrated in particular areas that represent a small 
part of the entire range of the genus. These areas correspond to sanctuary 
regions were global changes like glaciations had little influence on the 
biological communities. In these cases, long term stability of population
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distribution and size allow the maintenance of high levels of diversity, as in L. 
boscai or L. vulgaris (Babik et a i,  2005; Martmez-Solano et al., 2006).
Another factor is the capability of colonization of new territories. After 
Pleistocene glaciations much of Europe became a territory with optimal 
ecological conditions for Lissotriton species and virtually free of competitors. 
Under this situation both L. helveticus and L. vulgaris were able to expand 
their respective geographic ranges. In the case of L. helveticus this was 
probably a recolonization of ancestral territories for the species, while L. 
vulgaris probably profited from the absence of other Lissotriton  species to 
expand outside the Balkans (Babik et al., 2005).
Another important factor is the level of interaction between species. The 
presence of a species in a given area seems to prevent the expansion of other 
species into that region. For example, the presence of L. vulgaris meridionalis 
in the northern half of Italy might prevent the expansion of L. italicus from the 
southern half. Lissotriton montandoni is probably confined to its small range 
because its populations are surrounded by large populations of L. vulgaris. In 
the case of L. helveticus, further expansion both to the south and to the east
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might have been prevented by the presence of L. boscai and L. vulgaris 
respectively.
Effective population size is another factor that can directly affect all other 
factors. High population sizes will facilitate the persistence of populations and 
recolonization processes and will prevent possible replacement by other 
species. For example, a strong reduction of population size in L. montandoni 
could be related to the deep introgression with L. vulgaris, including the 
almost complete replacement of its mitochondrial genome (Babik et al., 2005). 
In this case, the evolution of reproductive isolation mechanisms could have 
prevented the complete extirpation of L. montandoni. On the contrary, large 
population sizes would have helped the persistence of old lineages in L. boscai 
(Martmez-Solano et al., 2006).
The different combinations of these four factors will ultimately define the two 
types of species described in this work, which should be in general applicable 
to most organisms present in the western Paleartic.
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Conclusions
Almost all of the genetic diversity in Lissotriton helveticus is concentrated in 
the Iberian Peninsula. The analysis of mtDNA sequences reflects a 
geographically structured pattern that is maintained in spite of their continuous 
distribution in northern Iberia and the inferred existence of gene flow among 
the four main groups as indicated by nuclear markers.
All lineages in L. helveticus originated during the Pleistocene, probably during 
the last million years. These lineages are relatively recent if we consider that 
the origin of this species is dated about 20 Mya and that within other 
Mediterranean species of the genus Lissotriton, lineages originated during the 
Pliocene or even the Miocene. Our interpretation is that L. helveticus was 
originally a Central European species that colonized the Iberian Peninsula in 
the Middle Pleistocene, probably favoured by the generalized climate cooling. 
Glaciations eventually eradicated all ancestral lineages from its original 
geographical distribution but persistence of populations in southern réfugia 
allowed the survival of the species with recent range expansions into 
favourable areas. The current distribution of the species in areas north of the
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Pyrenees is probably a consequence of a rapid Holocene expansion from the 
Iberian Peninsula.
Lissotriton helveticus belongs to a group of taxa that we denominate type “R” 
species, which endured changes during glacial periods sheltered in peripheral 
or even marginal populations in meridional areas and, consequently, lost a big 
part of their ancestral intraspecific diversity. In contrast, we also define a 
group of type “S” species, as Lissotriton boscai, whose ancestral distribution 
areas acted as sanctuaries and were not as severely affected by climatic 
changes as in type “R” species and that could thus retain most of their long 
time accumulated diversity. These types are defined by four main factors that 
govern the patterns of diversity observed among Lissotriton  species: 
persistence of ancestral populations, capability of colonization, interspecific 
interactions and effective population sizes. These factors, and hence their 
associated species types can be generalized to many organisms in the Western 
Paleartic.
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Table 1. Sampled localities, sample size and GenBank accession numbers (to 






loop Fib Cxcr4 Tva4
1 Larues, Huesca, Spain 2 ---- ---- ---- ---- ----
2 Gan, Aquitaine, France 2 ---- ---- ---- ---- ----
3 Pto. del Portalé, Huesca, 
Spain
4 ---- ---- ---- ---- ----
4 Obarenes-Encio, Burgos, 
Spain
6 ---- ---- ---- ---- ----
5 Ganuza, Navarra, Spain 2 ---- ---- ---- ---- ----
6 Pozo Negro, Burgos, 
Spain
2 ---- ---- ---- ---- ----
7 El Fito, Asturias, Spain 6 ---- ---- ---- ---- ----
8 Esqueiro, Soto de Luina, 
Asturias, Spain
5 ---- ---- ---- ---- ----
9 Tolivia, Asturias, Spain 7 ---- ---- ---- ---- ----
10 Cabrillanes, Leon, Spain 1 ---- ---- ---- ---- ----
11 Taboada, A Coruna, 
Spain
6 ---- ---- ---- ---- ----
12 Vila do Conde, Porto, 
Portugal
2 ---- ---- ---- ---- ----
13 Requejo, Cantabria, 
Spain
1 ---- ---- ---- ---- ----
14 Pto. de Palombera, 
Cantabria, Spain
2 ---- ---- ---- ---- ----
15 Neila, Burgos, Spain 3 ---- ---- ---- ---- ----
16 Arija, Burgos, Spain 2 ---- ---- ---- ---- ----
17 Gama, Cantabria, Spain 6 ---- ---- ---- ---- ----
18 Ambleteuse, Alsace, 
France
1 ---- ---- ---- ---- ----




20 Vagos, Aveiro, Portugal 3 ---- ---- ---- ---- ----
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21 Palamôs, Girona, Spain 4 ---- ---- ---- ---- ----
22 Arties, Lleida, Spain 2 ---- ---- ---- ---- ----
23 Beorburu, Navarra, 
Spain
4 ---- ---- ---- ---- ----
24 Bouillouses, Pyrénées- 
Orientales, France
1 ---- ---- ---- ---- ----
25 Urdiain, Navarra, Spain 5 ---- ---- ---- ---- ----
26 Camprovm, La Rioja, 
Spain
4 ---- ---- ---- ---- ----
27 Southampton, England, 
UK
1 ---- ---- ---- ---- ----
28 Santa Inès, Soria, Spain 1 ---- ---- ---- ---- ----
29 Pto. de San Isidro, 
Asturias, Spain
1 ---- ---- ---- ---- ----
30 Fagollaga, Guipuzcoa, 
Spain
1 ---- ---- ---- ---- ----
31 Moncayo, Zaragoza, 
Spain
2 ---- ---- ---- ---- ----
32 Sos del Rey Catdlico, 
Zaragoza, Spain
2 ---- ---- ---- ---- ----
33 Alfranca, Zaragoza, 
Spain
2 ---- ---- ---- ---- ----
34 Tudanca, Cantabria, 
Spain
3 ---- ---- ---- ---- ----
35 Gehren, Thuringia, 
Germany
2 ---- ---- ---- ---- ----
Total: 100
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Table 2. F u’s Fs statistic and ManteFs tests results for the main mt-DNA 
lineages within Lissotriton helveticus.
Group Fs P r P
Total -11.1743 <0.05 0.170 <0.005
Northeastern -9.0064 <0.0005 0.335 <0.005
East Cantabrian -4.2135 <0.05 0.094 >0.05
Asturian -3.2640 <0.05 0.316 <0.005
Northwestern 2.1678 >0.05 0.634 <0.005
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Species with highly restricted distributions are vulnerable to extinction, and modifica­
tion of natural habitats within their small ranges is a primary threat to their persistence. 
Expansion of urban development significantly impacts natural habitats and, therefore, 
threatens local diversity. The Mexican axolotl, Ambystoma mexicanum, is a strictly 
aquatic species that persists currently in two highly threatened and isolated populations. 
The current habitat remaining for these species are remnants of a historically extensive 
lacustrine system that occupied the entire Valley of Mexico, but has been destroyed 
by the growth of Mexico City. Unexpectedly, a third viable population of axolotls has 
been found in Chapultepee Park, a public recreational area in the heart of Mexico City. 
Phylogenetic and haplotype network analyses of mitochondrial DNA sequences con­
firmed low genetic differentiation and a recurrent lack of monophyly in many of the 
taxa belonging to the Ambystoma tigrinum species group, including A. mexicanum, but 
clustered the Chapultepec samples with other A. mexicanum samples. Our data revealed 
higher haplotypic diversity in A. mexicanum populations than previously recorded, due 
to new haplotypes from Chapultepec Park. We found high incidence of parasites and 
deformities among individuals in this population, which could negatively impact their 
viability. Our results emphasize the important role that artificial or semi-natural urban 
habitats can play in the conservation of highly threatened species.
Introduction et al. 2004) and various factors such as climate
change, emergent diseases, and introduced spe- 
Amphibian populations are declining worldwide cies have been implicated as threats to remain-
(Houlahan et al. 2000, Stuart et al. 2004, Young ing species and populations (Alford & Richards
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1999, Blaustein & Kiesecker 2002, Lips et al. 
2006, Pounds & Puschendorf 2004, Pounds et 
al. 2006). Habitat loss and fragmentation are 
two important factors threatening amphibians 
(Dodd & Smith 2003, Stuart et al. 2004) because 
they potentially lead to reduced population sizes, 
isolation and loss of metapopulation dynamics, 
habitat split, and increased susceptibility to edge 
effects (Petranka et al. 1993, Marsh & Trenham 
2001, Andersen et al. 2004, Homan et al. 2004, 
Cushman 2006, Gagné & Fahrig 2007, Becker 
et al. 2007). Urban development, especially in 
cities with high population densities, eliminates 
habitat required for local species and reduces 
chances for dispersal and recolonization of habi­
tat patches that remain (Marzluff 2005, Husté 
& Boulinier 2007, Hahs et al. 2009). Aquatic 
habitats are especially vulnerable, because in 
addition to becoming isolated, they also often 
serve as final disposal points for urban pol­
lutants that affect the viability of biological 
communities (Wolter et al. 2000). The threat 
of extinction due to urban development will be 
particularly high for locally endemic aquatic 
species that have small geographic ranges and 
therefore no assurance of population survival 
outside of the urbanized region. Management of 
narrow endemic species is a difficult task, and 
requires preservation of as much native habitat 
as possible, restoration of historical habitats, 
careful planning of new urban development, and 
attention to potential alternate solution such as 
the use of non-native habitats and ex-situ conser­
vation programs (Gordon et al. 2009, Hostetler 
& Drake 2009).
The Valley of Mexico is an inland hydro- 
graphic basin that was partially covered by a 
widespread complex of several large, intercon­
nected lakes (Armillas 1971, Berres, 2000). These 
lakes were the original habitat of a rich biological 
community that has been exploited by humans 
since prehistoric times (Niederberger 1979). 
Modification of the lacustrine complex started 
in pre-Hispanic times with the construction of 
dykes separating Lago de Mexico from Lagos de 
Xochimilco, Chaleo and the saline Lago Texcoco 
(Armillas 1971, Alcocer-Durand & Escobar- 
Briones 1992). Several artificial drainages were 
constructed from the 17th to the 20th centuries 
in attempts to dry the lake systems for urban and
agricultural development and to prevent frequent 
floods in the area (Aréchiga Cordoba 2004). Cur­
rently, the lakes are reduced to only a few small 
and highly perturbed remnants and are isolated 
by Mexico City, one of the world’s largest met­
ropolitan areas. Not surprisingly, the native biota 
of the valley lakes is now impoverished; habitat 
loss and alterations have led to the extinction 
of approximately one third of the aquatic plant 
species in Xochimilco (Novelo & Gallego 1988) 
as well as endemic taxa such as four species of 
the cyprinid fish in the genus Evarra (Méndez- 
Sanchez et al. 2002) and Tlaloc’s Leopard Frog, 
Lithobates tlaloci (Santos-Barrera & Flores-Vil- 
lela 2004). Chapultepec Park is the largest green 
area in Mexico City, occupying approximately 
670 hectares. Chapultepec harbors three artificial 
lakes (Alcocer et al. 1988), and one of them, 
Lago Viejo, still harbors a substantial number 
of species of the historical aquatic biota of the 
Valley of Mexico (Alcocer-Durand & Escobar- 
Briones 1992, Ceballos et al. 2005), including 
several protected species including the atherinid 
Chirostoma jordani, the goodeid Girardinychthys 
viviparus, and the amphibians Rana montezumae 
and Ambystoma salamanders (Alcocer & Lugo 
1995).
Ambystoma mexicanum is an obligate 
paedomorphic species, endemic to the Valley 
of México. It is widely used as a model organ­
ism in evolutionary and developmental biology, 
and is thus commonly maintained in captivity, 
with several breeding colonies around the world 
(Malacinski & Able 1989). Currently, only two 
wild populations persist: one in the channels 
of Xochimilco and a second in the remnants of 
Lago de Chaleo, both in southern México City 
(Fig. 1; Zambrano et al. 2004). The continued 
persistence of this species in the wild is uncer­
tain due to population isolation, water pollution 
and eutrophication, introduction of exotic spe­
cies and overharvesting. In addition, hormo­
nal disruption caused by chemical contaminants 
can cause abnormal reproductive development 
in amphibians that disrupt recruitment in natural 
populations (Hayes et al. 2002, Reeder et al. 
1998, 2005, Petterson & Berg 2007). Hormo­
nal disruption has been proposed as a cause of 
sex ratio biases in the Xochimilco population 
(Griffiths et al. 2003). Water pollution can also
1 6 2 -
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negatively affect amphibian immune systems 
(Gilbertson et al. 2003) leading to higher levels 
of parasitism and susceptibility to infectious dis­
eases. Combined, these factors have raised con­
cerns for the persistence of the Mexican axolotl 
and led to various initiatives to preserve remain­
ing natural populations (Graue et al. 1998, Grif­
fiths et al. 2003, 2004, Zambrano 2006, Bride 
et al. 2008). In an effort initiated in 2004, the 
Mexico City government began a program to 
eradicate exotic species from Chapultepec Park 
(Ceballos et al. 2005). Lago Viejo was drained 
and 26 adults and three clutches of Ambystoma 
were found. The adults were identified as A. 
mexicanum based on morphology (Taylor 1939). 
The presence of Ambystoma in the Chapultepec 
lakes had been previously reported (Alcocer- 
Durand & Escobar-Briones 1992); however, spe­
cies identity was uncertain, and the specimens 
were tentatively assigned either to A. mexicanum 
or to the widespread A. velasci (Zambrano et al. 
2006, Stuart et al. 2008).
Here, we characterize the Ambystoma popu­
lation from Chapultepec Park on the basis of 
mtDNA sequence data, and examine the genetic 
relationships among individuals in this artifi­
cial lake and the two remaining natural popula­
tions. We also report on deformities and parasites 
found in the Chapultepec population. Our study 
highlights the persistence of a highly threatened 
species in an artificial and highly urbanized envi­
ronment. We discuss the possible role of this and 
other similar populations as reservoirs that guard 
against species extinction and/or reductions in 
the genetic diversity of wild populations.
Material and methods 
study site
Chapultepec Park is located in the western 
section of Mexico City (between I9°24' and 
19°26"N, 99°IL  and 99°13'W) at an elevation 
of 2240 m (Fig. 1). Currently, three lakes exist 
in the park: Lago Viejo, with a surface area 
of 6 ha and a maximum depth of 1.8 m; Lago 
Mayor, which is 5.8 ha in area and with a 1.3 m 
maximum depth; and Lago Menor, which is 
2.8 ha in area and with a 1.2 m maximum depth
10 km
Mexico
Fig. 1. Location of the three remaining populations of 
Ambystoma mexicanum. Lower map indicates the posi­
tion of Distrito Federal, México (square). Upper map 
shows the political boundaries of the Distrito Federal 
and the location of the three known Ambystoma mexi­
canum populations: Xochimilco (circle), Chaleo (pen­
tagon), and Chapultepec (star). The extent of urban 
development in México City is represented by the gray  
shaded area.
(Lugo et al. 1998). These three lakes are widely 
used for recreational purposes and are mainly 
filled with treated wastewater, resulting in high 
degree of eutrophication (Alcocer-Durand & 
Escobar-Briones 1992, Lugo et al. 1998). The 
three Chapultepec lakes are approximately 27 
and 20 km distant from Lago de Chaleo and
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Xochimilco, respectively, the two sites that 
harbor natural populations of A. mexicanum. 
Although the Chapultepec Lakes are artificial, 
they occur very near the historical range of the 
lacustrine system that occupied the Valley of 
Mexico and still harbor a number of aquatic 
organisms that were present in the ancient lake 
complex (Alcocer-Durand & Escobar-Briones 
1992).
sodium acetate and ethanol precipitation, and 
PCR products were then re-suspended'm 22 p \  
of ddH^O. Sequencing of the amplified segments 
followed Martmez-Solano et al. (2006). The 
resulting sequences were deposited in GenBank 
(accession nos. HM142769-HM 142771 ).
Sequence alignment and phylogenetic 
reconstruction
Sampling
All individuals in this study were collected from 
Lago Viejo in the same series of lake drainages 
in 2005. The lake was partially drained multiple 
times for cleaning and removal of non-native 
fauna. Native vertebrate and macroinvertebrate 
species were captured with nets and maintained 
in outdoor tanks. Once the lake was cleaned and 
refilled, the animals were released at the site 
of capture. Tissues were collected from adult 
Ambystoma by clipping a small portion of the tip 
of the tail.
Mitochondrial DNA amplification and 
sequencing
We extracted total genomic DNA from 11 A. 
mexicanum individuals from Chapultepec and 
six individuals from Xochimilco. We digested 
ethanol-preserved tissues in lysis buffer and Pro­
teinase K, followed by standard organic purifica­
tion with phenol-chloroform (Sambrook & Rus­
sell 2001). Polymerase chain reaction (PCR) was 
used to amplify a fragment of 1029 base pairs, 
including the tRNA-proline and the mitochon­
drial control region (D-loop), using the primers 
THR and 651 (Shaffer & McKnight 1996). PCR 
reactions were performed in a total volume of 
25 ii\, including one unit of Taq polymerase 
(Biotools, 5 U ml“9, 2.5 piM of each primer, 
0.4 mM of dNTPs, 1.5 mM of MgCl^, and 
67 mM of PCR buffer (Tris-HCl, pH = 8.3, 
Biotools). PCR reactions consisted of 35 cycles 
with a denaturing temperature of 94 °C (1 min), 
an annealing temperature of 50 °C (1 min) and 
an extension temperature of 72 °C (1 min). 
Double-stranded templates were cleaned using
Sequences were read and aligned by eye using 
Sequence Navigator™ ver. 1.0.1 (Applied Bio­
systems). In our phylogenetic analyses, we also 
included published sequences from 17 additional 
Ambystoma species from GenBank (number of 
haplotypes included in the analyses are given 
in parentheses): Ambystoma mexicanum (4), A. 
velasci (14), A. ordinarium {9),A .flavipiperatum  
(1), A. taylori (1), A. andersoni (2), A. amblyc- 
ephalum (1), A. granulosum  (2), A. lermaense 
(1), A. altamirani (2), A. rivulare (2), A. dumer- 
ilii (3), A. rosaceum  (2), A. tigrinum (4), A. m. 
mavortium  (4), A. mavortium melanostictum  (4) 
and A. mavortium nebulosum (6). The California 
tiger salamander, A. californiense, was used as 
an outgroup (Table 1).
We applied a neighbor-joining (NJ) anal­
ysis under the Minimum Evolution objective 
function with uncorrected (“p”) distances; ties 
were broken systematically. We used nonpara- 
metric bootstrapping (1000 pseudoreplicates) to 
assess the stability of internal branches in the 
resulting topologies. Neighbor-joining analyses 
were performed with PAUP* 4.Ob 10 (Swofford 
2002). We also performed Bayesian phyloge­
netic analyses using MrBayes ver. 3.1.2 (Ron­
quist & Huelsenbeck 2003). We initiated the 
analysis with random starting trees and ran four 
Metropolis coupled Monte Carlo Markov chains 
(three heated, one cold) for 10^  generations, sam­
pling every 1000 generations. We checked for 
stationarity and convergence of the chains with 
Tracer ver. 1.3 (Rambaut & Drummond 2004) 
and discarded 10“* trees as bum-in. Posterior 
clade probabilities were used to assess nodal 
support. In addition, we constructed a haplotype 
network from mtDNA sequences using the soft­
ware TCS ver. 1.18 (Clement et al. 2000), which 
implements the statistical parsimony algorithm
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Table 1. Species, collection localities, and sequences included in this study. Num bered localities, and GenBank  
accession numbers for each haplotype are from Shaffer and MacKnight (1996), Weisrock et ai. (2006), Arnason 
et al. (2004), and Sam uels et al. (2005) indicated in the table’s locality and reference columns with A, B, C, and D, 
respectively. Haplotype numbers are those represented in Figs. 2 -4 .














A. m. mavortium 
A. m. mavortium 
A. m. mavortium 
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A. m. melanostictum 
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A. m. melanostictum 
A. m. melanostictum 
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A. m. nebulosum 
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A. m. nebulosum 



















Locality 64  (A); México, México XLIII
Locality 65  (A): Morelos, México XLII
Locality 58 (A); Michoacan, México XII
Locality 55 (A); Michoacan, México X X III, X X IV
Locality 2 (A); California, USA LXIV
Lake Patzcuaro, M ichoacan,México XLVIII, L, LI
Locality 54 (A); Jalisco, México XVII
Locality 61 (A); México, México XLV
Locality 62 (A): México, México XL
Locality 63 (A); México, México XLI
Locality 32 (A): Nevada, USA XXVI
Locality 33 (A); Colorado, USA X X X V
Locality 34  (A): Nuevo Mexico, USA X X X V II
Locality 35 (A ): Texas, USA X X X V III
Locality 15 (A): California, USA XXXVI
Locality 16 (A): Washington, USA XXXII
Locality 18 (A): Montana, U SA X XXIII
Locality 25  (A): Wyoming, USA X X X IV
Locality 11 (A): Colorado, USA XXX
Locality 6 (A): Utah, USA X X V III
Locality 7 (A): Utah, USA XXXI
Locality 8 (A ): Utah, USA X X V II
Locality 9 (A): Arizona, USA X X IX
captive animals,
source population unknown II, III
Locality 68  (A); Chaleo,
D.F., México II
Lago Viejo, Parque Chapultepec,
D.F., México I, IV, V
Lago Xochimilco, D.F., México I, IV
Locality 14 (A): Colorado, USA LIX
Locality 1 (B): Michoacan, México XLVII
Locality 15 (B): M ichoacan, México VI
Locality 16 (B): M ichoacan, México VII
Locality 17 (B): M ichoacan, México VIII
Locality 18 (B): Michoacan, México IX
Locality 19 (B): M ichoacan, México LIV
Locality 20  (B): Michoacan, México X V
Locality 4 (B): M ichoacan, México XLIX
Locality 60 (A): Michoacan, México Llll
Res. M ariposa Monarca,
Michoacan, México XLIV, XLVI
Locality 51 (A): Durango, México LXII
Locality 52 (A); Chihuahua, México LXIII
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Table 1. Continued.




A. tigrinum Locality 41 (A): Tennessee, USA LVI D Q 241179 A, B
A. tigrinum Locality 42  (A): South Carolina, USA LVIII D Q 241180 A, B
A. tigrinum Locality 43 (A): Georgia, USA LVIl DQ241181 A, B
A. tigrinum Locality 44  (A); Florida, USA LV D Q 241182 A, B
A. velasci Locality 45  (A): Chihuahua, México X X V D Q 241183 A, B
A. veiasci Locality 46  (A): Chihuahua, México LX, LXI D Q 241184, D Q241185 A, B
A. velasci Locality 47  (A): Durango, México X IV D Q 241186 A, B
A. velasci Locality 48 (A): Nuevo Leon, México X IX D Q 241187 A, B
A. velasci Locality 49 (A). San Luis Potosi, México XVI D Q 241188 A, B
A. velasci Locality 50 (A): Guanajuato, México XVIII D Q 241189 A, B
A. velasci Locality 53  (A); Jalisco, México Lll D Q 241190 A, B
A. velasci Locality 57  (A); Michoacan, México XIII DQ241191 A, B
A. velasci Locality 66 (A); México, México X X X IX D Q 241192 A, B
A. velasci Locality 67  (A): México, México XI D Q 241193 A, B
A. velasci Locality 69 (A): Hidalgo, México X D Q 241194 A. B
A. velasci Locality 70  (A): Puebla, México XX D Q 241195 A, B
A. velasci Locality 77  (A); Veracruz, México XXI DQ 241201 A, B
described in Templeton et al. (1992) and more 
accurately represents the genealogical relation­
ships of haplotypes that are recently diverged. 
We ran the analysis under a 95% probability 
connection limit considering gaps as a fifth state. 
Our network included all A. mexicanum haplo­
types and exemplar haplotypes of an additional 
seven closely associated species, based on the 
results of our phylogenetic analyses.
All individuals and egg masses were removed 
from the lake and maintained in plastic con­
tainers at the facilities of the Chapultepec Zoo­
logical Garden while the lake was cleaned. Once 
the process was completed, the animals were 
released into the lake. One of the egg masses 
hatched, but two did not develop to hatching.
Genetic variation
Malformations and parasites
All adult Ambystoma captured at Chapulte­
pec were measured and visually inspected for 
deformities. We recorded the presence of Ler- 
naea, an ectoparasitic copepod commonly found 
on amphibians (Green et al. 2002) and Sapro- 
legnia, a pathogenic fungus that also infects 
amphibians (Blaustein et al. 1994). Three of the 
adult salamanders died in captivity, allowing for 
post mortem examination and detection of inter­
nal parasites.
Results
A total of 26 adult Ambystoma and three egg 
masses were collected from the Lago Viejo.
Our results indicate low overall genetic varia­
tion among the sequences analyzed. Of the total 
of 1085 characters, only 86 were parsimony- 
informative (including the out-group). Among 
sequences of Ambystoma mexicanum, we found 
five haplotypes (Table 1, Figs. 2 and 3). Two 
of them were found both in Xochimilco and 
Chapultepec (Haplotypes I and IV); one was 
unique to Chapultepec (Haplotype V); the other 
two were found in the Chaleo population (Hap­
lotype II) or in the samples of unknown origin 
(Haplotypes II and III) (Figs. 2 and 3). Three of 
the GenBank sequences have a deletion at posi­
tion 13 of the amplified fragment, in the thre- 
onine-proline intergenic spacer; all remaining 
individuals have cytosine at that position. The 
other variable positions among A. mexicanum 
sequences were located in the control region.
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A. m. m elunostictum  XXXlll 
A. m. melariDstictum XXXVI 
4 . m. m avortium  XXXVllI 
A. m. m avortium  XXXVII 
4. m, m elanostivtum  XXXIV 
4. m. m avortium  XXXV 
4. m. nebulosum  XXX
4. m. nebulosum  XXXI 
4. m. m avortium  XXVI
4 . m. melanostictum  XXXII 
J  4 . m. nebulosum  XXVII 
4. m. nebulosum  XXVIII 
J  4. m. nebulosum  XXIX
4. velasci XXV 
^  4. velasci XVI 
J  A. flavip iperatum  XVII 
I * : —  4. velasci XVIII 
■ 4. velasci XIX
4. velasci XXI 
velasci XX 
4 . taylori XXII 
4. andersoni XXTTI 





Fig. 2. Neighbor-Joining  
topology showing relation­
ships among haplotypes  
of species in the A. tigri­
num complex. Geographic  
origin of each haplotype  
is given in Table 1. Haplo­
types in the A. mexicanum 
clade (indicated by thicker 
lines) are represented in a 
haplotype network in Fig. 
4. Numbers on branches 
are  bootstrap values of 
nodal support.
Ha. mexicanum II 4 .  mexicanum I!
4 .  mexicanum II 
4 .  mexicanum I 
4 .  mexicanum 1 
4 .  mexicanum I 
A. mexicanum I 
A. mexicanum I 
4 .  mexicanum I 
4 .  mexicanum I 
4 .  mexicanum I 
4 .  mexicanum I 
A. mexicanum I 
4 .  mexicanum I 
"  A . mexicanum III 
4. velasci XIII 
4 . am blycephidum  XII J 4. velasci X 
4 . velasci XI 
I 4 .  mexicanum IV 
J  4 .  mexicanum IV  
I A. mexicanum IV 
A. mexicanum V  
A. mexicanum V 
A. mexicanum V 
4. ordinarium  VI 
4. ordinarium  VIII 
4. ordinarium  VII 
4. ordinarium  IX
4. ordinarium  XV
4. vela.sci XXXIX 
4 . granulosum  XL 
. lerm aense  XLI
4. altam irani XLII 
70 — — 4.  altam irani XLIII
4. rivulare  XLIV 
4. granulosum  XLV 
4. rivulare XLVI
4. ordinarium  XLVII 
4. dum erilii XLVIII 
4 . ordinarium  XLIX 
4. dum erilii L
4, dum erilii LI 
4. velasci Lll 
_100r—  4. ordinarium  Llll 
^  4 . ordinarium  LIV
93
—  4. tigrinum  LV
4. tigrinum  LVI 
4 . tigrinum  LVII 
'  4 . tigrinum  LVIII
— — — —  4.  m. nebulosum  LIX
100 r — 4.  velasci LX 
• 4.  velasci LXI
4 . rosaceum  LXIII
0.001 substitutions/site
' 4 , rosaceum  LXII 
■ 4. californiense  LXIV
When all 80 sequences were analyzed 
together, we found low divergence among spe­
cies. Both NJ (Fig. 2) and Bayesian (Fig. 3) 
reconstructions resulted in poorly supported
topologies, as expected in view of the low 
number of variable positions in the sequence data 
and previously published phylogenies (Shaffer & 
McKnight 1996). The Bayesian consensus tree
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• 4  Ugrmm L V I 
tigrinum L V II
Fig. 3. Bayesian consen­
sus tree showing relation­
ships among haplotypes  
of species in the A. tigri­
num  com plex. N um ber 
along branches are pos­
terior probabilities values  
from the Bayesian analy­
ses.
(Fig. 3) is characterized by polytomy with only 
a few distinct lineages, including an A. tigrinum 
clade, a second clade composed primarily of A. 
mavortium  haplotypes, a third clade contain­
ing several Mexican species (A. dumerilii, A. 
rivulare, A lermaense or A. granulosum), and a 
fourth clade composed primarily of A. mexica­
num haplotypes. These groups are also found 
in the NJ tree (Fig. 2), with some changes. For 
example, the NJ topology has a clade formed 
by A. mexicanum haplotype V and haplotypes 
from A. ordinarium. The most remarkable result 
in both analyses is the lack of monophyly for
most taxa represented by more than one haplo­
type: A. velasci and A. ordinarium  haplotypes 
are distributed in at least three different clades. 
Ambystoma mexicanum haplotypes I, II, III and 
IV are grouped in a single clade together with A. 
velasci and A. ambiycephalum  haplotypes. Hap­
lotype V, as mentioned before, is grouped with 
A. ordinarium  haplotypes in the NJ tree (Fig. 2), 
but forms part of a basal polytomy in the Baye­
sian topology (Fig. 3).
We reconstructed a haplotype network 
including all five A. mexicanum haplotypes plus 
33 additional Ambystoma haplotypes, for a total
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A. mtXKMnum 
A. ordlmrlum 
JP A. amblyctphalum  
A. vtla tcl 
A. fltvlplpam um  
H  A. taylori
A. andaraonl
□ A. mavortium
Fig. 4. Haplotype network showing position and distances among haplotypes in the A. mexicanum clade inferred in 
our phylogenetic analysis. Haplotype frequencies for A. mexicanum haplotypes are indicated in parentheses. For 
simplicity we included only unique haplotypes for the remaining species in the clade.
of 8 species (Fig. 4). This network includes 
representatives of all taxa in the A. mexicanum 
clade found in our NJ topology (Fig. 2). The 
resulting network reflects the low genetic differ­
entiation among Mexican species of Ambystoma 
and corroborates results from the phylogenetic 
analyses. Despite the small number of mutations 
separating named species, our network does 
reveal some clustering among regional groups. 
For example, the Mexican species are generally 
more closely related to each other than to the 
North American samples (A. mavortium). Within 
the group of haplotypes from Mexican endemics, 
it is noteworthy that A. velasci haplotypes are 
spread throughout the network; this taxon is a 
metamorphic species widespread throughout the 
range of other Ambystoma species in southern 
Mexico. The five haplotypes from A. mexicanum 
differ by only one or two mutational steps and 
are associated primarily with haplotypes of A. 
velasci, A. ambiycephalum, and A. ordinarium.
Haplotype V, from the Chapultepec samples of 
A. mexicanum, is an exception. This haplotype 
differs by five mutational steps from the remain­
ing A. mexicanum  haplotypes, and may reflect 
the isolation of that population; however, this 
level of intraspecific differentiation is not unu­
sual among other taxa in our sample.
Malformations and parasites
Twenty adult specimens were visually inspected 
for external deformities and parasites (Table 2). 
All observed deformities were present in the 
limbs. Eight specimens were polydactylous, four 
specimens had missing toes, two had fused toes 
and one had toes reduced in size. Three adults 
were dissected at the time of death and all hosted 
larval forms of the nematode Eustrongylides sp. 
The nematodes were found tightly coiled, encap­
sulated, and attached to the mesentery in the
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coelomic cavity, liver, and subepidermal tissue; 
the latter formed bumps that were visible exter­
nally so the presence of this parasite was also 
detected in six additional specimens. The patho­
genic fungus Saprolegnia spp. was found on 
two adult specimens. Approximately 60% of the 
individuals had the parasitic copepod Lernaea, 
which was found mostly in the cephalic area, but 
also on other parts of the body.
Discussion
Systematics of Ambystoma and species 
identification.
All Mexican species of Ambystoma, including 
A. mexicanum, belong to a taxonomic group 
defined as the Ambystoma tigrinum complex 
(Shaffer & McKnight 1996). Systematics of this 
species complex has been problematic due to 
the scarcity of reliable morphological characters 
(Shaffer 1984a, 1984b, Irschick & Shaffer 1997). 
Allozyme and mitochondrial DNA studies (Shaf­
fer 1984a, Shaffer & McKnight 1996) revealed 
low genetic differentiation among species, and
poorly resolved phylogenetic trees with sev­
eral apparently non-monophyletic taxa (Shaffer 
1984a, Shaffer & McKnight 1996, Weisrock 
et al. 2006). This lack of monophyly could be 
the result of incomplete lineage sorting, which 
precludes the recovery of a resolved phyloge­
netic tree (Avise 2000). This is a common dif­
ficulty in studies of recently radiated species 
groups (Takahashi et al. 2001) and occurs due 
to large effective population sizes and short 
periods of time between spéciation events that 
favor the retention of ancestral polymorphisms 
(Pamilo & Nei 1988). An alternate explanation 
for our results is that gene flow occurs among 
morphologically and ecologically differentiated 
Ambystoma species. Interbreeding among paedo­
morphic and metamorphic species produces fer­
tile offspring under captive conditions (Brandon 
1972, 1977, Voss 1995), thus hybridization in the 
wild among some species may be feasible.
Previous phylogenetic studies of this group 
included a maximum of two samples of A. 
mexicanum that showed no genetic differentia­
tion (Shaffer 1984a, Shaffer & McKnight 1996, 
Weisrock et al. 2006). Our dataset included 
19 individuals from three different populations
Table 2. Data on sex, snout-vent length (SVL), tail length (TL), toe abnormalities, and presence of Eustrongylides 
cysts for 20  specimens of Ambystoma mexicanum collected in Chapultepec Park.
ID Sex SVL (mm) TL (mm) Polydactyly Toe deformities Nem atode
cysts
1 Fem ale 128.0 92.0 Present None Present
2 Fem ale 130.9 86.7 Absent Missing Present
3 Fem ale 154.9 104.0 Absent None Present
4 Male 139.4 120.0 Absent None no data
5 Male 131.1 88.3 Absent Missing no data
6 Fem ale 127.1 94.6 Absent Reduced no data
7 Male 105.4 109.0 Absent None no data
8 Fem ale 138.2 101.0 Present None no data
9 Fem ale 127.2 78.1 Absent Fused no data
10 Male 131.3 111.0 Absent Missing Present
11 Fem ale 130.0 94.0 Present None no data
12 Male 91.6 126.0 Absent None no data
13 Male 111.7 76.9 Absent None no data
14 Fem ale 120.0 87.4 Present None Present
15 Male 105.9 146.0 Present None Present
16 Fem ale 119.2 78.8 Absent None no data
17 Fem ale 127.7 83.8 Present None Present
18 Fem ale 132.6 83.4 Absent Fused Present
19 Fem ale 119.0 79.0 Present None no data
20 Fem ale 102.7 64.1 Present Missing Present
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(plus two captive specimens of unknown origin) 
and we found five haplotypes with extremely 
low genetic divergences. However, the hap­
lotypes did not form a well-supported clade. 
Ambystoma mexicanum haplotypes cluster with 
samples of A. velasci, A. ambiycephalum , and 
A. ordinarium. Of these species, A. amblycepha- 
lum and A. ordinarium  occur in regions that are 
relatively far from the current distribution of 
A. mexicanum, thus, incomplete lineage sorting 
might explain their association with A. mexi­
canum (Weisrock et al. 2006). In contrast, A. 
velasci is a widely distributed species, occurring 
across most of the Trans-Mexican Volcanic Belt 
of Central Mexico (Frost 2009) and although this 
species has not been collected near Xochimilco, 
we cannot exclude the possibility that its pres­
ence may have gone unnoticed, and the possibil­
ity of hybridization with paedomorphic forms.
The most divergent haplotype of A. mexica­
num collected at Chapultepec population clus­
ters with A. ordinarium. This might lead us 
to infer the introduction of A. ordinarium  in 
Chapultepec, however, that species is only nar­
rowly distributed in the state of Michoacan, 
rarely metamorphoses, and is usually found in 
clean mountain streams (Weisrock et al. 2006, 
Stuart et al. 2008). It is unlikely that a species 
with such narrow ecological requirements could 
survive and reproduce in a highly eutrophic lake 
such as Chapultepec.
Clearly, the taxonomic issues in this clade 
will require additional studies, especially 
those focusing on species limits in the recently 
diverged Mexican Ambystoma. These studies 
should include measures of inter- and intra­
population morphological diversity, autoecologi- 
cal and distributional data and in particular, an 
emphasis on population genetic approaches to 
better understand current and historical intro- 
gression among populations that might be spe­
cies or incipient species.
Parasites and disease
We recorded the presence of different para­
sites affecting adult Ambystoma in Chapultepec. 
Eustrongylides is a nematode parasite with a 
complex life cycle that usually infects fish as
second intermediate hosts (Pérez-Ponce de Leon 
et al. 1996, Coyner et al. 2002), but it has also 
been reported in the amphibians Ambystoma 
dumerilii and Rana dunni (Garcia-Altamirano 
et al. 1993). Outbreaks of this parasite often 
occur with anthropogenic alterations in aquatic 
systems that lead to high densities of first inter­
mediate hosts. Thus, this parasite is considered 
an indicator of polluted aquatic environments 
(Measures 1988, Spalding et al. 1993, Franson & 
Custer 1994, Frederick et al. 1996). This nema­
tode has been associated with high mortality 
and serious population declines in its final host, 
fish-eating birds (Spalding et al. 1993, 1994), 
but to date it has not being reported as a factor in 
amphibian declines.
We detected only two cases of Saproleg­
nia infection from the Ambystoma collected at 
Chapultepec. This fungus is a pathogen of fish 
and attacks eggs, larvae and adults. It has also an 
important pathogen of amphibian eggs in species 
such as Ambystoma maculatum  (Bragg 1962), 
Rana montezumae (Frias 2005), Bufo boreas, 
and Rana cascadae, among others (Kiesecker 
& Blaustein 1995). Several studies have shown 
that a synergistic effect between Saprolegnia 
and other stressors, such as UV-B radiation and 
pollutants, can cause massive mortalities in wild 
amphibian populations (Kiesecker & Blaustein 
1995, Blaustein et al. 1994, Lizana & Pedraza 
1998). In our study, however, the fungus infected 
adult specimens that were probably already 
weakened by other diseases or by the polluted 
environment. The incidence of Saprolegnia in 
the lake must be monitored, as it can ultimately 
affect the viability of the population.
A very common parasite found in Chapulte­
pec is the copepod Lernaea. Although it usu­
ally infects fish, it has been reported in aquatic 
amphibians, including several species of Amby­
stoma (Huacuz 2002) and anuran larvae (Martins 
& Souza 1996, Leong 2001). In a few cases, 
the presence of the copepod has been associ­
ated with amphibian limb abnormalities (Leong 
2001), but this does not seem to be the case in 
Chapultepec axolotls. The high frequency of 
malformations axolotls from Chapultepec could 
again be a side effect result of water pollution. 
An abnormally high prevalence of malformed 
amphibians has been associated with outbreaks
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of Ribeiroia ondatrae, a trematode parasite, due 
to the increased density of intermediate hosts in 
highly eutrophic lakes and ponds (Johnson & 
Chase 2004). This parasite was not found in the 
Chapultepec population, but Lago Viejo receives 
a large amount of nutrients from its water source 
(Alcocer et al. 1988, Alcocer-Durand & Esco­
bar-Briones 1992, Lugo et al. 1998) and thus is 
at potential risk for parasites outbreaks.
Conservation implications for A. 
mexicanum
Ambystoma mexicanum is listed as Critically 
Endangered by the lUCN because its total area 
of occupancy is estimated to be less than 10 km .^ 
The aquatic habitat in which it evolved is highly 
reduced; of the original 180 km of channels in 
Xochimilco, less than 10 km still retain condi­
tions required for survival of axolotls (e.g., high 
transparency, appropriate salinity and a lower 
density of exotic species) and within that area, the 
habitat is severely fragmented (Zambrano 2006).
Pollution, and introduced species are two of 
the main factors that have reduced habitat suit­
ability in Xochimilco for A. mexicanum. The cur­
rent and projected declines in the extent and qual­
ity of the habitat (Zambrano et al. 2006) paint a 
dire scenario for the two remaining wild popula­
tions, and in fact, rapid population reductions 
in axolotl densities have been observed in the 
last few years (Zambrano et al. 2004, Zambrano 
2006). The major threats to remaining axolotl 
populations are clear (Sciences-Hemandez et al. 
2006, Zambrano et al. 2004, 2007, Zambrano 
2006), but difficult to mitigate. In Chaleo, a resto­
ration program has increased the flooded surface 
in recent years (Zambrano 2006). In Xochimilco, 
natural water income has been adapted for human 
use, and the system is therefore now fed mainly 
with treated water and precipitation during the 
rainy season (Solis et al. 2006). Eutrophication 
levels are extremely elevated, chemical pollut­
ants are present in excess, and infectious bacte­
ria including Pseudomonas and Aeromonas are 
present in much higher concentrations than are 
recommended (Zambrano et al. 2004). In addi­
tion to habitat deterioration, illegal harvest of A. 
mexicanum for food and medicinal purposes has
also been a threat to the continued persistence 
of the species. Captive-breeding efforts and the 
inclusion of this species in appendix II of CITES 
have reduced the number of captures of wild 
specimens, but adult axolotls are still illegally 
captured today, both for international and local 
trade (Zambrano et al. 2004).
Given the threats to wild A. mexicanum pop­
ulations, its confirmed presence in Chapulte­
pec Park should be used as an opportunity to 
improve conservation of the species in its native 
range. The long-term persistence of this popula­
tion is threatened by several factors similar to 
those in Xochimilco, but which may be easier to 
overcome because of the smaller size of the lake. 
If the lakes of Chapultepec are to serve a role in 
conservation of this species, it will be important 
to estimate the population size in Lago Viejo, 
explore other lakes in the park to detect the pres­
ence of axolotls, perform surveys to quantify 
population sizes and life stage distributions, and 
manage the lakes to promote restoration and sur­
vival of the native species living there.
In Mexico, the coordination of researchers 
and institutions currently working on the con­
servation biology of A. mexicanum. has yielded 
encouraging results in recent years, and culmi­
nated in the creation of several captive colonies 
in México and abroad, and the organization of a 
network of researchers (GIA-X, http://ajolote.ibi- 
ologia.unam.mx/) that promote multidisciplinary 
investigation of wild and captive populations, and 
conservation measures to preserve all paedomor­
phic Ambystoma species and their habitats (Graue 
et al. 1998, Griffiths et al. 2003, 2004, 2008, 
Griffiths & Bride 2005, Zambrano 2006, Zam­
brano et al. 2006, Bride et al. 2008). However, 
although the preservation of axolotl species may 
be guaranteed due to captive breeding colonies 
(Malacinski & Able 1989, Zambrano et al. 2006), 
wild populations and their habitats require urgent 
conservation measures to save them from extinc­
tion in their natural habitats (Sciences-Hemandez 
et al. 2006, Zambrano et al. 2007). Aside from 
the challenges associated with restoration of hab­
itat, other factors need to be considered before 
re-introduction of captive-bred animals into wild 
populations. The propagation of diseases in cap­
tivity has played a key role in spreading epidem­
ics such as amphibian chytridiomycosis (Daszak
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et al. 2003, Weldon et al. 2004). Most individuals 
in the captive colony of Ambystoma mexica- 
num at the Instituto de Biologia (UNAM) were 
infected by Batrachochytrium dendrobatidis, the 
parasitic chytrid fungus that causes chytridiomy- 
cosis. However, none of the captive individuals 
show signs of disease (Frias-Âlvarez et al. 2008), 
thus it is possible that this fungus is prevalent in 
other colonies without being detected. Research­
ers must ensure that all colonies are disease-free 
before reintroducing individuals to natural or 
restored populations. Our study also revealed 
population genetic diversity among local natural 
populations of A. mexicanum that was previously 
unknown. We identified five haplotypes among 
the 19 samples sequenced thus far. The spatial 
distribution of those haplotypes among localities 
is not yet clear, therefore, we recommend geneti­
cally characterizing all colonies, with emphasis 
on wild caught breeding adults, to maximize our 
potential of maintaining local variants and maxi­
mizing any potential natural genetic variability of 
the species.
Maintenance of the Chapultepec population 
is an alternative to ex-situ conservation in aquaria 
and terrariums, and may offer benefits because 
individuals experience natural seasonal dynamics 
and breed naturally in the lakes. This semi-natural 
setting might prevent some of the negative effects 
of captivity, such as loss of fitness due to small 
breeding groups and artificial selection for traits 
favored in captivity. A healthy breeding popula­
tion in Chapultepec would also facilitate future 
réintroduction programs and serve as a source 
of acclimatized animals. Finally, the location 
of the population and the number of visitors to 
Chapultepec provide a suitable environment for 
the development of conservation and educational 
programs. Green areas such as large urban parks 
can be of great conservation value as reserves for 
local biodiversity and for education of the public 
about environmental challenges facing local flora 
and fauna.
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A bstract
W e screened a partial gen om ic library enriched for m icrosatellites and characterized n ine  
loci for the M exican sp ec ies o f Am bystom a for stu d ies o f popu lation  structure. W e tested  
marker variability in tw o m etam orphic (A. granulosum, A. altamirant) and tw o paedom orphic 
(A. andersoni, A. mexicanum) sp ec ies o f the A. tigrinum com plex. Our m icrosatellites w ere  
developed  from pooled  genom ic D N A  from three species, and m ay w ork on all species in  the 
A. tigrinum com plex in M exico. T hese markers w ill be im portant for stu d ies o f conservation  
genetics in this radiation.
Keyioords: A m bystom atidae, axolotl, M exico, m icrosatellites, paedom orphosis, salam ander  
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The Transm exican Volcanic Belt, w ith  varied topography  
and com plex barriers to dispersal is one o f the regions of 
M exico w ith the h ighest diversity and endem ism  (Ochoa- 
O choa & Flores-Villela 2006). This region is also the m ost 
pop ulated  of M exico, encom passing large m etropolitan  
areas such as M exico City. Species o f Ambystoma in this 
region are threatened by habitat m odification; therefore, 
understand ing connectivity, gene flow , and population  
structure is im portant for their conservation and m anage­
ment. M exican Ambystoma  are recently d iverged  yet h igh ly  
ecologically  differentiated and sh ow  com plex patterns of 
spéciation and Iristorical introgression (W eisrock et al. 2006). 
In add ition, four species (Ambi/stoma andersoni, A. taylori, A. 
dumerilii, and A. mexicanum) are obligate paedom orphs  
(Shaffer & M cknight 1996), each inhabiting only  one or 
very few  lakes. Because o f threats to rem aining pop ula­
tio n s, c o m p le x  ta x o n o m y , and th e rep ea ted  e v o lu tio n  
of paedom orp hosis, the M exican Ambystoma  are an ideal 
system  for population  genetic studies.
W e cloned loci from  an enriched partial genom ic library 
(H am ilton  et al. 1999) prepared w ith  D N A  from  four  
in d iv id u a ls: tw o  A. tigrinum  from  the sta tes o f Jalisco  
and M ichoacan (MVZ 173473-173474), one A. granulosum
C o r r e s p o n d e n c e :  G a b r ie la  P a r r a - O le a ,  F ax : 5 2 -5 5 -5 5 5 0 0 1 6 4 ; 
E -m ail: g p a rra @ ib io lo g ia .u n a m .m x
(GP769), and one A. altamirani (GP770). G enom ic D N A  w as  
extracted using a QIAGEN D N easy  tissue kit, d igested  
w ith  A lul and Elaelll (N ew  England Bio Laboratories), size  
selected  for fragm ents 5 0 0 -7 0 0  bp  in  length , and ligated  
to SNX linkers using T4 D N A  Ligase (N ew  England Bio 
Laboratories). Linked genom ic fragm ents w ere enriched  
for m icrosatellites w ith  b iotinylated dim er, trimer, and  
tetramer probes bound to streptavidin-coated m agnetic  
b ead s (D yn ab ead s, D yn al B iotech). D N A  fragm ents  
contain ing microsateUites w ere captured m agnetically and 
am plified  via polym erase chain reaction (PGR) w ith  linker- 
specific primers. A m plification products w ere d igested  
w ith  Nhel (N ew  England Bio Laboratories), cloned into 
pUC19 vector, and transform ed usin g  D H 5a  com petent 
cells (Invitrogen). C olonies w ere grow n  on X -G al/IPTG - 
coated agar plates and transferred to M agna Lift nylon  
m em branes (O sm onics) that w ere probed w ith  the sam e  
series o f d i-, tri-, and tetra-n ucleotide rad iolab elled  re­
peats. Positive clones w ere cultured and plasm id D N A  
w as extracted w ith  QIAG EN m iniprep colum ns. W e 
sequenced  tem plate D N A  directly  w ith  vector-specific  
prim ers (M13 F and R) using  dGTP B igD ye terminator 
cycle  seq u en cin g  com p on en ts  on  an ABI 3100 G enetic  
A nalyser (A pplied Biosystem s).
W e d esign ed  PGR prim ers in  the flanking regions o f 49 
m icrosatellites usin g  p r i m e r  s e l e c t  (D N A  Star softw are
© 2007 The A uthors
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Table 1 R e p e a t m o tif, p r im e r  se q u en c e s , n m p lic o n  s ize , a n d  a n n e a lin g  te m p e ra tu re s  (T ,) fo r n in e  m ic ro sa te llite  loci d e v e lo p e d  fo r the  
M exican  sp e c ie s  o f Ainln/stonia. S e q u e n c e s  o f o r ig in a l c lo n e s  h a v e  b e e n  a c ce ss io n e d  in  G e n B an k  (E F062316-EF0625525)
L ocus R e p e a t m o tif P r im e r  s e q u e n c e  ( 5 '-  3 ') S ize  r a n g e (^ C)
A tig52.143 (TC)yGCTCAC(TC)^AC(TC) ,TT(TC)^TA(TC)y E: TCAGGCATCAGATTCGTTGTTA 
R: TGTTTGTCGGA'nTCGTTGTG
309-359 57
A tig52.115 (TC),5 F; AGCACAAGTTCTGAACCTTTCAC 
R: CCGATCACTCGGGTTACTGT
223-297 59
At32.1 (GA) 1 5GT(GA)2GTGAGT(GA),, E: GACACCCACAATGCATTTCTACACC 
R :GCTCTGGCCTTACCCTGCrATCC
3 8 1 -4 6 5 60
A t60.3 (AG);^,(TG)|,(AG)|(TG)25 F; TTTGCCAATGTTTACCTGCCTGAAT 
R ; TGAGTCATGCCTTTCCTGGTGTAA
2 1 6 -297 62
At52.2 (GATT); F; GGGGAGAGCCAGCCACAGAGTAT 
R: CCCTTTGCCACAGTTAATrGCTTTTr
221-269 60
At52.20 (t c ),7 E: TTCCTCTTCCCACTrCTCGTTCTGTATT 
R :TTTCGAGGGTAAGGGGTCrATTGATTC
267-341 54
A t52.6 (ATGT)dATCT)(ATGT), F: TTACTCAATATCAGACTCCCCAAATGT 
R: CCTATCCCTTCCCCAGCACTCC
151-163 58
A t52.10 (CT)(,CGCC(CT), „TT(CT)^ E: GGTGCAACGAGGCAGTTTTTACCTATTT 
R: GTCGCTCCTTTCCCTAAGCAAACTGAT
4 0 5 -4 3 5 56
A t52.34 (AG)„AA(AG)_,, F; TGTACAGACAGGCAAGAGGTATTGACAGT 
R: GTCTCCCACTITAATTTCCCTCAGTrTTr
373-457 64
version 5.05) and am plified 24 individual Ambystoma 
f including representatives of each of the four target species) 
for an initial test of am plification reliabihty. Follow ing  
optim ization , nine loci yie lded  specific PCR product of 
good concentration and show ed  polym orphism  in our pilot 
sam ples (Table I). W e expand ed  our data set to inclu de  
154 in d iv id u a ls  across all four sp ec ie s  (22 A. altam irani, 
60 A. granulosum, 24 A. mexicanum, and 48 A. andersoni). 
Each sp ec ie s  w as sa m p led  at an  in d e p en d e n t loca lity ; 
A. granulosum — Presa Ignacio Ramirez, Estado d e  M éxico; 
A. altamirani — Pena de lobos, Estado de México; A. mexicanum 
— Lago de Xochim ilco, Distrito Federal; A. andersoni — 
Lago Zacapu, M ichoacan.
Ambystoma tissues w ere extracted in 150 pL o f a 5% 
Chelex solution  (Chelex-100, Bio-Rad) w ith proteinase K 
by incubation at 55 °C for 180 m in and 99 °C for 10 min; the 
supernatant w as used directly as tem plate in PCRs. Each 
PCR consisted of a total vo lum e of 10 pL including 1 pL of 
D N A  tem p late , 0.05 U Taq p o lym erase  (A p p lied  B io­
system s), Ix  PCR buffer w ith  M gCl, 0.4 m M  dN T Ps, and 
0.1 pM of each primer. Forward primers w ere 5'-labelled  
w ith  a fluorescent d y e  (VIC, PET, 6-FAM, or NED). Loci 
w ere am plified in an MJ Research PTClOO or a H ybaid  
PCR Express therm alcycler under the fo llow in g  con­
ditions. 5 m in initial dénaturation at 94 °C; 35 cycles o f 1 m in  
denaturing at 94 °C, 1 m in  ann ealing  at the locus-specific  
temperature, 1 m in extension at 72 °C; and a final extension  
of 72 °C for 30 m in. Loci Atig52.115, Atig52.143, At52.6 and 
At52.2 am plified best w ith  a slightly shorter annealing  
tim e of 45 s. A m plified products w ith  different labels or
n o n o v er la p p in g  s iz e  ran ges w ere  m u ltip lex ed  and  
electrophoresed on an ABI 3100 capillary genetic analyser. 
Fragm ent s izes  w ere  determ in ed  wi th the g e n e s c a n  
LIZ-500 standard using g e n e m a p p e r  version 3.5 (A pplied  
Biosystem s).
W e tested for ev idence of linkage disequilibrium  and 
departures from H ardy-W einberg equilibrium  using the 
softw are g e n e p o p  on the w eb  version 3.4 (Raym ond & 
Rousset 1995). A M arkov chain m ethod (Guo & Thom pson  
1992) w ith 10 000 dem em orization steps and 1000 batches 
of 10 000 iterations per batch w as used to determ ine signifi­
cance. We found no ev idence o f linkage disequilibrium  
am ong any pairs of loci across all populations (P values  
w ere all nonsignificant, ranging from 0.142 to 1.0). Overall 
observed heterozygosities w ere slightly low er than 
expected (Table 2) w hich  m ay be a result o f W ahkm d  
effects du e to un k n ow n  pooling o f distinct genetic dem es 
in our sam ples, or d u e  to drift in isolated populations. 
W ith in-p opulation  tests o f departure from HWE w ere  
nonsignificant for m ost loci and m ost populations after 
Bonferroni correction for m ultiple com parisons; how ever, 
four of the nine loci show ed  significant deviation in A. 
granulosum. This pattern of deviation at these loci in only  
one o f the tested species suggests that this m ay be due to 
dem ographic patterns or population  genetic structure 
w ith in that specific population , rather than a null allele.
O ur p relim in ary  resu lts  su g g est that th ese loci w ill be  
useful for studies o f population structure, gene flow  
am ong and w ith in  pop u la tion s/sp ec ies, and developm ent 
of conservation strategies for these endem ic taxa.
© 2007 The A uthors
Journal com pilation  © 2007 Blackwell Publish ing  Ltd
182-
(  a p i U i l o  5
820 P R I M E R  N O T E
T a b le  2 N u m b e r  o f  g e n o ty p e d  sa m p le s  (N ), n u m b e r  o f  a lle le s  (A ), a n d  o b s e rv e d  a n d  e x p e c te d  h e te ro z y g o s it ie s  (H q /H ^ )  fo r n in e  
m ic ro sa te llite  loci a m p lif ie d  in  fo u r  p o p u la t io n s  o f  M ex ican  sp e c ie s  o f  A m bystom a. P  v a lu e s  a re  f ro m  ex a c t te s ts  o f  d e v ia t io n  f ro m  H a r d y -  
W e in b e rg  e q u il ib r iu m  fo r  e a ch  lo cu s  w i th in  ea c h  o f  th e  fo u r  g e n o ty p e d  sp ec ie s ; v a lu e s  in  b o ld  a re  th o se  th a t  e x ceed  th e  B o n fe rro n i-c o rre c ted  




A . altam irani
P
A . m exicanum
P
A . andersoni
PN A H ./H , N A Ho/H e N A Hq/We N A Ho/H e
A t52.143 57 6 0 .7 8 9 /0 .751 0.809 18 5 0.611/0.705 0.663 23 6 0 .4 7 8 /0 .5 6 9 0.101 41 I t 0 .0 0 0 /0 .0 0 0
A t52.115 50 10 0 .5 6 0 /0 .8 4 4 < 0.001 10 6 0 .1 0 0 /0 .6 5 5 <0.001 18 9 0 .5 5 6 /0 .7 1 0 0.042 38 6 0 .4 4 7 /0 .5 3 8 0.080
A t52.1 35 17 0 .7 1 4 /0 .8 5 2 0.099 6 7 0 .6 6 7 /0 .8 3 3 0.021 22 2 0 .0 4 5 /0 .0 4 4 - 42 3 0.238 /0 .251 0.599
A t60.3 57 10 0 .0 8 8 /0 .6 8 9 <0.001 22 7 0.773/0.844 0.064 22 5 0 .5 9 1 /0 .5 8 0 0.061 48 I t 0 .0 0 0 /0 .0 0 0 -
A t52.2 53 7 0 .6 7 9 /0 .7 1 8 0.245 21 8 0 .3 3 3 /0 .6 3 5 0.002 23 3 0 .1 7 4 /0 .3 9 2 0.002 45 2 0 .1 1 1 /0 .1 0 5 1.000
A t52 .20 48 14 0 .4 5 8 /0 .8 2 8 <0.001 22 11 0 .8 6 4 /0 .881 0.547 19 8 0 .4 2 1 /0 .7 7 6 < 0.001 42 2 0 .1 4 3 /0 .1 3 3 1.000
A t52.6 59 I t 0 .0 0 0 /0 .0 0 0 - 22 3 0 .4 5 5 /0 .4 3 0 0.817 23 2 0 .3 9 1 /0 .4 6 6 0.411 47 2 0 .3 4 0 /0 .2 8 2 0.320
A t52.10 36 8 0.194 /0 .711 <0.001 7 2 0 .2 8 6 /0 .2 4 5 1.000 23 I t 0 .0 0 0 /0 .0 0 0 — 41 2 0 .0 0 0 /0 .0 4 8 0.012
A tig52 .34 56 14 0 .7 8 6 /0 .7 9 8 0.059 22 10 0 .9 0 9 /0 .7 8 2 0.003 19 10 0 .6 3 2 /0 .8 3 2 0.007 38 5 0.763/0.731 0.060
A c k n o w le d g e m e n ts
W e th a n k  S te v e  B o g d a n o w ic z  a n d  th e  E v o lu tio n a ry  G e n e tic s  C o re  
F a c il i ty  a t  C o r n e l l  fo r  te c h n ic a l  e x p e r t is e  a n d  h e lp  in  m a r k e r  
d e v e lo p m e n t.  O u r  w o rk  w a s  fu n d e d  b y  g r a n ts  f ro m  th e  S e m a rn a t-  
C o n a c y t  (2 0 0 2 -C 0 1 -0 0 1 5 , to  G P O ) a n d  th e  N a t io n a l  S c ien ce  
F o u n d a tio n  ( to  K Z).
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Insight on the conservation genetics of threatened populations of 
Mexican Ambystoma (Caudata: Ambystomatidae)
Abstract
The evolution of larval reproduction has consequences for the persistence and 
conservation of paedomorphic populations and species. Paedomorphic species 
are often narrowly distributed and may have reduced genetic diversity due to 
bottlenecks and low gene flow among populations. These characteristics 
potentially increase susceptibility to environmental disturbance, inbreeding, 
and erosion of genetic diversity. A number of salamanders in the genus 
Am bystom a  endemic to Mexico are paedomorphic. Here, we assay neutral 
genetic diversity in paedomorphic and transforming species and characterize 
the population genetic patterns in those that are threatened or endangered. We 
found significantly reduced genetic diversity in paedomorphic species, but also 
populations of transforming species that were equally genetically depauperate. 
We term these populations ‘effective paedom orphs’ because despite their 
ability to metamorphose, other factors must be reducing their genetic diversity. 
We found signatures of genetic bottlenecks in paedomorphic and metamorphic
- 189-
(  a p i ' t u l n  h
species, suggesting that all may have suffered historical population declines. 
However, we found evidence of higher relatedness within paedomorphic 
populations than most metamorphic populations; therefore, these species may 
be especially susceptible to the negative effects of inbreeding with continued 
declines in population size. All species of Ambystoma  are now protected by 
law; nonetheless many axolotls captured by fishermen are still sold illegally at 
markets. We analyzed samples purchased from a public market in the state of 
Michoacan, to test the utility of our markers for assigning samples to their 
population/species of origin. We could not determine the source population but 
we were able to ascertain that they did not correspond to the highly endangered 
paedomorphic species. We discuss attributes of the historical landscape and 
habitat change that may impact population connectivity, and evaluate the 
prospects for continued genetic health of Ambystoma populations in Mexico.
- 190-
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Introduction
The potential loss of genetic diversity in small or isolated populations is a 
common concern for threatened or endangered species (Daniels et al., 2000; 
Sherwin & Moritz, 2000). Populations isolated by natural or anthropogenic 
barriers to gene flow will lose genetic diversity due to reduced genetic 
exchange with neighboring populations. This genetic erosion will be 
exacerbated in cases where isolated populations are small (Keller & Waller, 
2002), as is often the case with threatened vertebrates in disturbed habitats 
(Banks et at., 2005; Andersen et at., 2004; Stow & Briscoe, 2005). Small, 
isolated populations are susceptible to the negative effects of inbreeding and 
genetic drift, resulting in lower heterozygosity and allelic diversity (Frankham 
et al., 2002; Reed & Frankham, 2003). This loss of genetic diversity 
potentially decreases fitness, and results in lowered adaptive potential and 
increased probability of population extinction (Keller, 1998; Keller & Waller, 
2002; O ’Grady et al., 2006; Slate et a i, 2000). Species or populations with life 
history attributes that result in small populations and/or low levels of gene 
flow will be particularly susceptible to decreases in genetic diversity, even in 
the absence of anthropogenic habitat change. One such group is the 
Ambystoma tigrinum species complex, which includes a number of species and
191 -
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populations that are facultative or obligate paedomorphs (Shaffer, 1984; 
Shaffer, 1994; Shaffer & McKnight, 1996). Seventeen species of the A. 
tigrinum  complex are endemic to México, and most of these occur in the 
Trans-M exican Volcanic Belt (TYB) of central M éxico, a region with 
extremely high biodiversity and endemism (Flores-Villela et at., 2010; Ochoa- 
Ochoa & Flores-Villela, 2006) and an equally high degree of habitat alteration 
due to urban and agricultural development (Garcia-Romero, 2002; Hemandez- 
Garcia & Granados-Sanchez, 2006). The Ambystoma endemic to México are a 
recently derived complex (Shaffer, 1984; Shaffer, 1994) yet the group displays 
the entire range of developmental pathways, including obligate larval 
reproduction {A. mexicanum, A. andersoni, A. dum erilii), facultative 
paedomorphosis (A. granulosum, A. ordinarium), and obligate metamorphic 
forms (A. rosaceum, A. velasci).
Paedomorphosis is a dramatic shift in life history, in which larval traits are 
retained in the adults (Gould, 1977) that may have significant consequences 
for the origin of genetic diversity. Most evolutionary models predict the 
maintenance of paedom orphosis in favourable aquatic habitats when 
surrounded by hostile terrestrial environments and therefore the potential for 
dispersal is limited (Denoel, 2003). Obligate paedomorphosis can substantially
- 192-
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reduce the effective population size and the geographic range of a species, 
because breeding populations and even entire species become restricted to a 
single or small number of lakes (Shaffer & Breden, 1989). Reduced population 
sizes due to obligate aquatic habitats with finite carrying capacity, and possible 
bottlenecks associated with the founding of paedomorphic populations or 
species, can reduce overall genetic diversity in paedomorphic taxa, thus 
increasing the probability of inbreeding and further loss of variability.
Shaffer (1984) proposed that the fixation of larval reproduction in Mexican 
am bystomatids tended to lead to increased genetic divergence among 
paedomorphic populations presumably due to restricted gene flow between 
isolated non-transforming populations. In addition, Shaffer and Breden (1989) 
present evidence that paedomorphic species or populations of salamanders 
have on average less allozyme diversity than metamorphic species or 
populations, and that there is a strong relationship between larval reproduction 
and genetic variation: larval reproducers are less variable on average than 
metamorphosing salamander species. In addition to the genetic consequences 
of larval reproduction, the restricted distributional ranges of paedomorphic 
species also increase their vulnerability to anthropogenic habitat modification. 
The obligate paedomorphic Mexican Ambystoma {A. mexicanum, A. dumerilii.
193-
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A. andersoni and A. taylori) inhabit single isolated lakes or small lake systems 
and therefore are more vulnerable to extirpation due to water quality changes, 
pollution, and other altered environmental conditions. For example, recent 
studies show that A. mexicanum  has experienced effective population size 
reductions as a result of over-exploitation, habitat destruction or modification, 
and population fragmentation (Zambrano et al., 2007). For over 500 years, 
humans have modified the lake system that once occupied the entire high- 
elevation basin to which this species is endemic (Legorreta, 2006; UNESCO,
2006), reducing it to an area close to 1% of its historical size (Fox, 1965). 
Reductions in population size and persistent isolation for many generations 
result in two genetic threats. First, as alleles are randomly fixed or lost from 
the population by drift, levels of genetic variation erode. Second, excessive 
mating among close relatives increases the proportion of homozygotes, 
resulting in inbreeding depression and in extreme cases, lowered individual 
fitness, decreasesd population growth rates and population extinction 
(O’Grady et al., 2006; Vilas et al., 2006). Genetic erosion can be a gradual 
process, and thus may not threaten populations in the short term (Lande, 1995; 
Lynch et al., 1995). However, inbreeding can act swiftly if small populations 
are composed primarily of related individuals (Keller & Waller, 2002).
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Conservation programs for threatened species will benefit from a clear 
understanding of the genetic diversity within and among populations 
(F rankham  et al., 2002). The evolutionary history of paedom orphic 
A m bystom a, combined with reduction of their habitat, pollution of water 
bodies, overharvesting, and introduction of exotic species has most likely 
already had a negative effect on the genetic diversity of these species. In this 
study, we focus our attention on the conservation genetic status of two of the 
paedomorphic A m b ysto m a  endemic to Mexico, A. mexicanum  and A. 
andersoni, and compare them to populations of facultative and obligate 
transforming species to ask the following questions: i) do paedomorphic 
species show lower genetic diversity than transforming species, and can this be 
attributed to population bottlenecks, drift and/or lack of gene flow; ii) is there 
any evidence of gene flow among transforming and paedomorphic populations 
that may contribute to the maintenance of diversity in species with either life 
history; iii) do paedomorphic species show evidence of inbreeding and high 
within-population relatedness?; and iv) given the differences in distribution of 
genetic diversity in paedomorphic and transforming populations, can we use 
molecular markers to assign illegally harvested individuals to their populations 
of origin? Characterizing genetic diversity of species within this complex will 
help identify mechanisms with the potentially largest negative effects on
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remaining populations, prioritize conservation efforts, and provide a method 
for identifying populations threatened by illegal harvest. We interpret our 
results in light of what is known about historical (Shaffer, 1984, 1994; Shaffer 
& McKnight, 1996) and recent changes (Zambrano et al., 2007) in population 
size and habitat availability.
- 196-
( a p i t u l o  6
Materials and Methods
Population sampling and laboratory protocols
We sampled 298 individual Ambystoma from eight independent populations 
along the Trans-M exican Volcanic Belt (TVB; Figure 1). Our samples 
included individuals from 5 populations of four metamorphic species 
{Ambystoma velasci, A . granulosum, A. rivulare, and A. altamirani) and 3 
populations of two obligate paedomorphic species {Ambystoma mexicanum  
and A. andersoni). We focused on natural populations for which we could 
obtain sufficiently large sample sizes for genotyping; the mean (± SD) sample 
size per population was 33.1 (± 12.0) individuals and population samples 
ranged from 21-57 individuals. To avoid problems associated with missing 
data, we included in the final dataset only individuals with complete genotypes 
for at least five of the nine loci used in our study. In addition to the eight 
natural populations, we also included a sample of 38 individuals obtained at 
the public market of M orelia in the state of Michoacan. At the time of 
purchase, these individuals were large aquatic forms (mean body size 
approximately 25 cm) but of unknown population origin and/or species
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identity. Exact collection localities, sample sizes, and voucher specimens, 
when available, are listed in the Appendix.
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F ig u re  1. Topographic map of the Trans-Mexican Transvolcanic Belt, with 
collection localities for the eight Ambystoma populations sampled for this study.
Ambystoma  samples consisted of liver or tissue clips from tail fins or gills. 
Samples were extracted in 250ul 5% (w/v) Chelex and 0.20 mg proteinase K 
(Roche). Samples were incubated at 55 °C for 180 minutes, followed by a 10
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min dénaturation step at 99 °C (Sambrook & Russell 2001). Supernatant 
containing genomic DNA was used directly as template for microsatellite 
amplification. M icrosatellite loci for these species were developed and 
characterized previously (Parra-Olea et a i ,  2007) and we employed nine of 
those loci (Atig52.143, Atig52.115, At52.1, At60.3, At52.2, At52.20, At52.6, 
At52.10, At52.34) in this study. Forward primers were 5 '-labelled with a 
fluorescent dye (VIC, PET, 6-FAM, or NED) and loci were amplified in a 
H ybaid PGR Express therm al cycler following previously published 
amplification protocols (Parra-Olea et al., 2007). Amplified products with 
different colored labels or non-overlapping size ranges were multiplexed and 
electrophoresed on an ABI 3100 Genetic Analyzer. Fragment sizes were 
determined with a LIZ-500 standard using G en eM a p p er  v . 3.5.
Characterizing population genetic variability
We estimated genetic variability within populations as the number of alleles 
(A), number of private alleles (P), observed (Ho), and expected (He) 
heterozygosities. Population indices of diversity where calculated in GenAlex 
V. 6 (Peakall & Smouse, 2006) or GenePop on the Web v. 3.4 (Raymond & 
Rousset, 1995). We tested for significant deviation from Hardy-Weinberg
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expectations in the program GenePop using the exact test of Guo and Thomson 
(1992) with 10,000 dememorization steps and 1000 batches of 10,000 
iterations per batch. Statistical significance values were corrected using the 
sequential Bonferroni method (Rice, 1989) for a tablewide significance value 
of 5%. After an initial analysis, heterozygous deficiency was detected at one 
locus (At52.10), but not at the other eight markers, suggesting the possible 
existence of null alleles at that marker (Brookfield, 1996; Hedrick, 1999). The 
data were then analyzed using Micro-Checker v 2.2.1 (van Oosterhout et al., 
2004) for the presence of null alleles at each of the nine loci. For loci with 
significant probability of null alleles, we followed the corrective procedures 
described in Chapuis and Fstoup (2007) using the program FreeNA. The 
corrected frequencies were then used to recalculate the number of 
homozygotes and heterozygotes in each population sample, for comparison 
with values derived from the original dataset. The corrected and “null allele 
free” dataset was used to estimate Fst according to Chapuis and Fstoup (2007). 
Comparing Fgj values derived from both datasets indicates the effects of 
presumptive null allele at these loci on estimates of genetic diversity. We 
tested for linkage disequilibrium  between all pairs of loci across all 
populations in our sample using an exact test (Raymond & Rousset, 1995)
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implemented in GenePop on the Web v.3.4, with 10,000 dememorization steps 
and 1000 batches of 10,000 iterations per batch.
Genetic divergences among all pairs of populations were estimated using the 
fixation index Fst (Weir & Cockerman, 1984). Statistical significance of 
divergence was assessed using 90,000 permutations over loci in the program 
A r le q u in  v . 2.0 (Schneider et al., 2000). Pairwise significance tests for Fg? 
values were performed by permutation and resampling of multilocus genotypes 
among pairs of samples. Performing 90,000 randomizations allowed for a 
table-wide significance at the 5% nominal level after Bonferroni corrections 
(adjusted p-value=0.00066).
Isolation by distance (IBD) was tested including all populations, except 
Market, in Genalex v. 6 (Peakall & Smouse, 2001; 9,999 permutations), where 
the correlation between pairwise F^ t and geographical distances was analyzed 
using the Mantel test (Mantel, 1967).
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Population structure o f paedomorphic and metamorphic populations
We used a Bayesian model-based clustering method to infer population 
structure and assign genotyped individuals to populations. The computer 
program S t r u c t u r e  v . 2 .2  (Pritchard et al., 2 0 0 0 ) identifies clusters of 
genetically similar diploid individuals from multilocus genotypes without prior 
knowledge of their population affinities. The model assumes K  genetic 
clusters, each characterized by a set of allele frequencies at each locus. The 
admixture model then probabilistically estimates the proportion of individuals 
with ancestry in each cluster. We estimated the log P(DIM), where D refers to 
the data and M  refers to the model under different assumptions of/C. We 
assumed a model allowing admixture and independence among our loci, for K 
between 1 (the expected value if all populations belonged to the same breeding 
deme) and 15 (the maximum possible number of populations plus six). The 
upper limit of Æ=15 was chosen because it allows for the potential case where 
each sampled population represents a single deme (9 demes) and in addition, 
can accommodate up to 6 independent genetic demes present within the 
potentially admixed market sample. We ran a series of pilot runs to estimate 
the number of generations required for stationarity. Using the option to ignore 
population affiliation when clustering individuals, we ran 20 independent runs
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of 3,000,000 iterations (following a burn-in period of 1,000,000) for each 
value of K. Posterior probabilities for choice of K  can be misleading in cases 
where Log P(DIM) increases continuously (Pritchard et al., 2000), resulting in 
overestimates of the number of genetic demes in the sample (Pritchard et al.,
2007). Therefore, we evaluated our results in two ways: first we examined the 
plot of log P(DIM) against K, and sought the range of K  along the inflection 
point of the curve (Pritchard et al., 2007). Within this range is the smallest 
value of K that captures the most structure in the data. Second, we also applied 
the method (Evanno et al., 2005), that estimates the plateau in log P(DIM) 
by comparing second derivatives for various values of K. AK  is most useful in 
cases where increases in log P(DIM) are incremental, and the variance among 
runs is relatively uniform, yielding a single mode for AK  that can be 
interpreted as the true number of genetically distinct demes.
In each S t r u c t u r e  run, individuals were assigned to a cluster based on their 
estimated membership coefficients; individual and population membership 
coefficients were plotted graphically in the program  D i s t r u c t  v . 1.0 
(Rosenberg, 2004).
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Bottlenecks, inbreeding, and relatedness
We used the method described by Cornuet and Luikart (1996) and 
implemented in the software B o t t l e n e c k  to detect the occurrence of 
bottlenecks in our sampled populations. This method exploits the fact that 
allelic diversity is reduced faster than heterozygosity during a bottleneck, 
because rare alleles are lost rapidly and have little effect on heterozygosity, 
thus producing a transient excess in heterozygosity relative to that expected in 
a population of constant size with the same number of alleles (Cornuet & 
Luikart, 1996). We carried out 1,000,000 replicates and assumed that all loci 
follow the two-phase mutation model (TPM) in which 90% of mutations are 
one-step and 10% are multistep (Di Rienzo et al., 1994). Probability values of 
heterozygosity excess or deficit were estimated for each population by 
comparison with the simulated null distribution and a Wilcoxon signed-rank 
test to evaluate significance. Also, using B o t t l e n e c k  the allele frequency 
distribution of our loci were examined for a mode shift (Luikart & Cornuet, 
1998), which may indicate if a recent genetic bottleneck has occurred.
M-ratios were calculated using the software M_P_Val (Garza & Williamson, 
2001). Three parameters are needed for this program: theta (0 = 4*N^*p,);
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percentage of mutations greater than one step (P,), and average size of 
mutations that are not one-step (A^). The significance of an observed M-value 
is determined by comparing it to a distribution of M-values calculated from 
theoretical populations in mutation-drift equilibrium. The test is significant if 
more than 95% of the simulated values are superior to the observed value. The 
critical value of M (M J is set at the lower 5% tail of this distribution. The 
program CRITICAL_M (Garza & Williamson, 2001) generates thresholds, 
allowing users to modify three TPM parameters (0, P^ , A^) that approximate 
the mutation process in real populations.
Since and \x are typically unknown, most studies base their significance 
criteria on a wide range of biologically plausible 0 values (Abdelkrim et al., 
2005; Busch et al., 2007). We chose to use general and species-specific 
estimates of 0. First we estimated 0 for each site using MIGRATE 2.1.3 
(Beerli & Felsenstein, 1999, 2001). We used the SMM (Ohta & Kimura, 1973) 
model and applied the following run conditions: 10 short chains of 1,000 
genealogies sampled every 50 trees, followed by 5 short chains of 10,000 
genealogies sampled every 50 trees. The first 10,000 trees were discarded as 
bum-in. This gave us the smaller value of 0 used for the estimation of M. We 
also used a generic value of 5000, and a common estimate of microsatellite
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mutation rate suggested by Garza and W illiamson (2001):5.0 x 10 
mutants/generation/locus (Weber & Wong, 1993). Substituting these values in 
0 gives a broad range of 0.2-10, allowing us to compare the effect of 
uncertainty in this parameter on the significance of our bottleneck tests. We 
used default values for the remaining two parameters needed for the TPM 
(P^=0.12 Ag=2.8) (Garza & Williamson, 2001). Because the origin of the 
individuals in our market sample is not known and may include more than one 
locality, we excluded the market population from both bottleneck tests.
Finally, we also investigated how paedomorphosis may have affected genetic 
variability within populations, by estimating the coefficient of genetic 
relatedness, r (Queller & Goodnight, 1989) in the software G en  A l e x  v . 6 
(Peakall & Smouse, 2006). Expected relatedness values (r) are 0.5 among full 
sibs, 0.25 among half sibs and 0 among unrelated individuals. Elevated 
relatedness within populations can result from inbreeding or the preponderance 
of closely related individuals in reduced populations. Thus, intra-population 
relatedness should be significantly higher in populations that were reduced due 
to severe bottlenecks, or in paedomorphic populations founded by a small 
number of individuals. To test for differences in relatedness among samples, 
we bootstrapped allelic data within populations 999 times to derive 95%
-206
C a p i t u l i )  6
confidence intervals for the mean r estimates for each population; localities 
with non-overlapping bootstrap intervals are considered statistically distinct. 
To test for differences among our sampled populations in comparison to all 
other populations, we permuted genotypes from all populations 999 times and 
derived upper and lower 95% confidence intervals (Cl) for the expected range 
of r, based on all populations. These intervals represent the range of r expected 
if random mating occurs across all populations. Population r values that fall 
above the upper bound of the 95% Cl indicate that reproductive skew, 
inbreeding, or drift are increasing relatedness, despite potential gene flow 
among some localities.
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Results
Characterizing population genetic variability
All nine microsatellite loci showed polymorphism in most populations of 
Ambystoma sampled, with the number of alleles per locus ranging from four 
(At52.6) to 34 (At52.1). Our sampled populations varied in the number of 
polymorphic loci. Three of the transforming populations (A. rivulare and the 
two populations of A. velasci) showed polymorphism at all loci, as did the 
sample of illegally harvested animals from the Morelia market. The three 
paedomorphic populations (A. andersoni from Lago de Zacapu, and A. 
mexicanum from Xochimilco and Chapultepec) were monorphic at one or two 
of the loci genotyped. Finally, A. altamirani and A. granulosum  were also 
monomorphic at one locus each. Averaging across all loci, the allelic diversity 
in each population follows the same pattern (Figure 2). Transforming species 
generally show higher genetic diversity, with the exception of the populations 
in Zempoala (A. altamirani) and Vigas (A. velasci). These two populations 
share the characteristics of paedomorphic species with lower number of alleles 
overall, but similar numbers of private alleles. Finally, our market sample 
shows very high genetic diversity, higher than other populations of
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transforming A m bystom a , suggesting this sample is likely a mixture of 
individuals from different populations.
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Figure 2. Patterns of allelic richness and heterozygosity in nine sampled 
populations of Ambystoma genotyped at nine microsatellite loci. Bars represent 
mean ± SD number of alleles (gray bars) and mean ± SD number of private alleles 
(black bars). Mean ± SD heterozygosities for each population (across all loci) are 
represented by the black line.
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Randomization tests of H-W equilibrium indicated heterozygous deficit at one 
locus (At52.10) for four of the natural populations (Table 1). The market 
population showed evidence of departure from equilibrium at eight of nine 
loci, likely as a result of the pooled distinct genetic demes in that sample. Test 
for null alleles using Micro-Checker were significant at loci At52.10 (for six 
populations) and A t52.1I5 (for five populations). For those two loci, we 
derived the corrected frequencies from FreeNA and used those to recalculate 
the number of homozygotes and heterozygotes in each population sample, for 
comparison with values derived from the original dataset. Comparing F^y 
values derived from both datasets (Table 2) indicates that the presumptive null 
allele at these loci has only a marginal effect on estimates of genetic diversity; 
therefore, we used the original dataset for all subsequent analyses.
We found no evidence of linkage disequilibrium among any pair of loci across 
the eight natural populations (Bonferroni corrected. P-values ranged from 
0.0047 to 1.0). All of the pairwise comparisons (37) among loci were 
significant for the market population, corroborating the likely mixed nature of 
this sample.
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Population structure o f paedomorphic and metamorphic populations
Pairwise Fgy values ranged from 0.04 to 0.64 among all population pairs 
(Table 2). These values represent high levels of population differentiation. All 
of our pairwise population comparisons were significant. In general, the 
paedomorphic species A. andersoni exhibited the greatest divergences from all 
other populations (Fgj ranging from 0.37 to 0.64). Limited divergence was 
evident only for comparisons between the two populations of A. mexicanum  
(Xochimilco and Chapultepec) with an Fgj =0.04. We sampled two 
populations of Ambystoma mexicanum, one is the type locality of the species 
(Xochimilco) and the second (Chapultepec) is found in an artificial pond in 
Parque Chapultepec, a large recreational area in the heart of Mexico city. 
These introduced neotenic Ambystoma mexicanum  in the Chapultepec lakes 
were reported previously (Alcocer-Durand & Escobar-Briones, 1992); 
however, until recently species identity of these populations has not been 
certain (Recuero et al., 2010). The low F^ T value found between the 
Xochimilco and this introduced population corroborate the identity of the 
Chapultepec population as A. mexicanum.
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Figure 3. Population structure inferred by Bayesian assignment of 298 individuals of 
paedomorphic and metamorphic Ambystoma populations and/or species endemic to Mexico. The 
top left graphs show Mean L{K) and SD for 20 runs for each K  value between 1 and 14; the top
right graph shows AK  calculated as AK = mIL {K)\! s[L(AO]. The modal value of this distribution
is the true or the uppermost level of structure. The plateau on the L(K) curve occurs between K=8 
and 10, and A K  suggests that sampled populations can be assigned to eight geographical genetic 
demes. The color-coded assignment graphs represent the mean membership coefficient for 
individuals in each sampled population to one of eight or 10 inferred genetic demes; increasing the 
assumed value of K  results in increased admixture only in the market population. Populations 
marked with a gray bar are obligate paedomorphs and show significantly lower admixture than 
most transforming populations (black bar).
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Mantel tests showed a non-significant correlation (r=0.410, p=0.104) between 
estimated pairwise F^ t and geographical distances for the 8 populations 
analyzed. Thus we cannot assume that IBD is the cause, or at least the 
principal cause, for the genetic differentiation found among populations.
Results of the distance-based Fst analyses are corroborated by Bayesian 
assignment tests; the probability of the data under models with increasing K  
shows the characteristic incrementally increasing curve with an inflection point 
in the range of X = 8 -ll. The AK  method confirms eight genetic demes or 
clusters among our samples (Figure 3). In most cases these demes correspond 
to individual sampling localities, underscoring the independent history of 
many of these Ambystoma populations. All populations sampled in the wild 
show high membership coefficients to their own clusters (mean membership 
coefficients range= 0.932 to 0.980). The three populations of paedomorphic 
species have some of the highest membership coefficients, and relatively low 
variance among indiv iduals in genetic adm ixture (A. mexicanum  
Chapultepec:Q=0.974 ± 0.040; A. mexicanum  Xochimilco: Q=0.951 ± 0.110; 
A. andersoni: Q=0.979 ± 0.034). Two populations of transforming species 
show similarly high levels of membership to one genetic deme: A. altamirani 
from Zempoala and A. velasci from Las Vigas. The creeks surrounding the
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Lagunas de Zempoala harbor a population of A. altamirani, a facultatively 
transforming species that inhabits creeks and streams in lake drainages 
(Aguilar-Miguel, 1997; Castro-Franco et al., 2006). A. altamirani presents a 
wide distribution in central Mexico, however, the population from Lagunas de 
Zempoala was once described as a paedomorphic form, A. zempoalense, by 
Taylor and Smith (1945), but was later synonymized with A. altamirani by 
Reilly and Brandon (1994). The sample we obtained from that locality has the 
highest assignment values of all the populations we sampled (Q=0.980 ± 
0.021). Our data underscore that even among metamorphic forms, populations 
show genetic patterns consistent with prolonged isolation.
Bayesian assignment tests of the market samples underscore their diversity and 
mixed origin. In the model with eight genetic demes, the market sample shows 
low membership coefficients to two independent demes (q 1=0.390 and 
q2=0.507). Some individuals show high genetic similarity with individuals 
from Pres a Ignacio Ramirez, a large population of A. granulosum. The other 
genetic deme found in this sample is unique to the market population, and thus 
likely represents a species or population that we did not sample. Individual 
assignments using models with higher K do not change the results significantly 
for the natural populations, but do change the deme assignments for the market
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population. If we assume 10 demes, market individuals are assigned to these 
















Figure 4. Mean within-population pairwise relatedness for nine Ambystoma  
populations included in this study. Gray bars are 95% upper and lower expected 
values for a null distribution generated from 999 permutations of data from all 
populations, and enclose the values expected if breeding were panmictic across all 
populations; relatedness in all sampled populations fell outside of the range 
expected under panmixia. Black bars represent the observed mean relatedness in 
each population or species, and the upper and lower bootstrap value for each 
population. The three populations shaded in gray are the obligate paedomorphic 
species/populations with the highest degree of inbreeding. Populations of A. 
altamirani (Zempoala) and A. velasci (Las Vigas) show surprisingly high levels 
on intra-population relatedness for metamorphic populations.
-215-
Cupiti i l i )  6
Bottlenecks, inbreeding and relatedness
We examined allele frequencies within populations for signatures of historical 
changes in population size using the program B o t t l e n e c k  (Cornuet & 
Luikart, 1996; Piry et a i,  1999) which computes for each population and locus 
the distribution of the expected heterozygosity and compares it to the observed 
heterozygosity under the assum ption of m utation-drift equilibrium. 
B o ttleneck  did not detect significant evidence of a recent bottleneck (excess 
of heterozygosity) under the two-phase mutation model (Table 3) for any of 
the sampled populations. In contrast, M-ratio values were low for all 
populations, ranging from 0.4164 to 0.6805, independent of the assumed 0 
included in the model. In every case M-ratio estimates were lower than the 
critical value for individual sites calculated by M,. (Table 3).
Average pairwise relatedness (r) within populations was generally high for all 
populations, but was significantly higher in paedomorphic species (Figure 4). 
Relatedness in all populations fell outside of the 95% Cl for the permutations 
assuming random mating across all populations. The paedomorphic species A. 
andersoni is the most inbred with a mean r=0.825 (95% Cl =0.817-0.832); 
likewise, the two paedomorphic and isolated populations of A. mexicanum also 
showed high degree of relatedness (Xochimilco: 0.571 [0.550-0.592];
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Chapultepec: 0.626 [0.611 -  0.643]). The mean inbreeding coefficient across 
all paedomorphic populations is 0.674 (± 0.133), significantly higher than the 
inbreeding coefficients across the five sampled metamorphosing populations 
(r=0.4 ± 0.202). Despite this significant difference, two populations of 
transforming Ambystoma  show surprisingly high levels of intra-population 
relatedness; A. altamirani from Zempoala, and the population of A. velasci 
from Las Vigas, show levels of relatedness comparable to the paedomorphic 
species sampled in this study (Figure 4), suggesting that some of the same 
processes increasing the likelihood for inbreeding might be acting in otherwise 
isolated metamorphic populations as well.
Relatedness among individuals from the market corroborates our previous 
finding that those individuals likely do not represent a single locality; 
relatedness in that sample was lower than in any other sampled natural 
population (r=0.098, 95% CI=0.074-0.123) and the range of values from the 
bootstrapped confidence intervals approximates the range of values expected 
under the null distribution assuming panmictic breeding among individuals 
from all populations (Figure 4).
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Discussion
Mexican axolotls were well known to the Aztec people and held an important 
position in their mythology as one of the Gods that generated the modern era 
and the fifth sun (Fernandez, 2006; Ingham, 1984); the axolotl is also a model 
organism for studies of embryology and developmental biology. It is thus 
ironic and unfortunate that an organism that has historically played an iconic 
cultural role and is a model organism for modem science is now endangered in 
nature. Currently, many com m unities exploit the axolotl and other 
paedomorphic Ambystoma for food and as a remedy for respiratory infections. 
However, the largest threat to wild populations of paedomorphic salamanders 
{A. mexicanum, A. dumerilii, A. andersoni) are anthropogenic changes in their 
habitats, including pollution, altered lake hydrology, introduced exotic species, 
and over exploitation. As a result paedomorphic Ambystoma are today some of 
M exico’s most threatened species and are listed as critically endangered 
species on the lUCN red data list of species, each with an current population 
area of less than 10km (Griffiths & Bride, 2005).
The axolotl {Ambystoma mexicanum) was once abundant in the Xochimilco 
and Chaleo lakes even with the creation of the Chinampas, man-made landfill
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mounds created for agriculture, that began with the Aztecs. The modification 
of the Chinampas in the 50’s reduced exchange among different channels of 
this lake system and interrupted natural hydrological patterns that renewed 
water flow into the lake system as a whole (Espinoza et al., 2006; Legorreta, 
2006). Continued modification of hydrological patterns over the last 50 years 
further reduced the lake system; the original lake system occupied an area of 
240 km^ in the valley now occupied by Mexico City; this area has been 
reduced to 2.3 km^, or to 1% of its original size (Fox, 1965). The Chaleo and 
Xochimilco remnant populations are now completely isolated form each other 
(Alcocer-Durand & Escobar-Briones, 1992). Chaleo has been completely dried 
out many times and Xochimilco has suffered from radical changes in its 
hydrology, decreasing the water quality of all the system (Mazari et al., 2006). 
Today, most of the water in the system comes from water treatment plants 
instead of springs from the water table (Solis et al., 2006). As a consequence, 
A. mexicanum  populations have dramatically declened over five years from 
0.006 m^ to 0.0012 m^ (Zambrano et al., 2007). Over the last decades 
agricultural practices in the areas surrounding the lakes have intensified with 
high-yield production in greenhouses with high use of fertilizers and pesticides 
(Zambrano et al., 2009). These changes have elevated nutrient concentrations 
(particularly in nitrogen in form of ammonia) to levels that are toxic for
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axolotls (Contreras, 2006). Nutrient runoff has also caused proliferation of 
algae in the water column and increased turbidity of the water. Axolotls are 
mostly visual predators, thus increased turbidity may reduce their feeding 
capacities. Combined, these habitat threats reduce and isolate populations, and 
because paedomorphic populations are expected to harbor lower genetic 
diversity, they may be especially vulnerable to extinction in changing 
environments.
The other two obligate paedomorphic species, A. andersoni (Zacapu Lake, 
Michoacan) and A. dumerilii (Patzcuaro Lake, Michoacan) suffer from many 
of the same threats as A. mexicanum  in Xochimilco. Population growth in the 
towns around Zacapu and Patzcuaro has been exponential in the last decades 
(Fernandez & Miranda, 1998), with the lakes functioning as the final point for 
sewage, and in the case of Zacapu Lake, waste from local livestock production 
(Fernandez & Miranda, 1998). Population growth has resulted in high levels 
of pollution, reduction of lake size, increases in water temperature increased 
due to local landfills (Huacuz, 2001). At the same time, these two species in 
particular have been overharvested for food and medicinal purposes and the 
dramatic decrease in their abundance now ranks A. dumerilii as one of the 
most threatened species of Ambystoma (Huacuz, 2001).
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The lakes where Mexican paedomorphic species of ambystomatid salamanders 
are found are isolated from each other by considerable distances of 
inhospitable terrestrial habitat. Therefore, gene flow, if it occurs, could be 
mediated by admixture with facultatively paedomorphic forms rather than 
direct movement of peadomorphic species among lakes. Our data show clearly 
that the two paedomorphic forms in our sample show low admixture with other 
species, corroborating data from other markers showing that paedomorphic 
populations in different lakes have evolved independently (Shaffer, 1994). The 
expected genetic consequences o f iso lation via the evolution of 
paedomorphosis are lower genetic diversity due to founder effects and reduced 
connectivity among populations due to cessation of immigration among sites. 
We found patterns in genetic diversity within paedomorphic populations that 
are consistent with these expectations: the two paedomorphic species in our 
sample showed lower allelic richness, lower heterozygosity, and higher rates 
of inbreeding. These two species also show the genetic signature of 
bottlenecks; however, we detected a similar genetic bottleneck in some of the 
metamorphosing populations of Am bystom a  as well. Genetic signatures of 
bottleneck and founder events are expected to disappear after many 
generations following the reduction in population size (Keller et al., 2001).
- 2 2 1
Most tests for bottlenecks measure the heterozygosity excess at independent 
loci that is expected immediately after the bottleneck because allelic diversity 
is lost faster than heterozygosity (Cornuet & Luikart, 1996; Nei et al., 1975) 
Additionally, the range of allelic frequencies will change in a characteristic 
manner immediately after the bottleneck, and this shift in allelic frequencies is 
transient and will revert to the expected frequency ranges in subsequent 
generations (Luikart & Cornuet, 1998).
Methods classically used to detect genetic bottlenecks rely on different 
statistics, and can therefore favor different time scales for detection. The M- 
ratio method is expected to detect older events because of the longer time 
needed for the M statistic to reach equilibrium (Garza & Williamson, 2001). 
Our results are in accordance with this expectation; the M-ratio method 
detected a significant reduction in population size for all populations studied. 
Our estimates ranged from 0.416 to 0.680, values that are in the range of those 
inferred for taxa known to have experienced a reduction in population size 
(Garza & Williamson, 2001). The other methods we applied did not detect 
bottleneck in any of the sampled populations.
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We found evidence for high relatedness within populations of paedomorphic 
forms, suggesting a higher degree of inbreeding within those populations. 
Although inbreeding can lead to reduced fitness, the degree to which 
populations suffer from inbreeding depression can vary widely depending on 
population history, the trait examined, lineage effects, and the environment 
(Keller & Waller, 2002). If inbreeding accumulates gradually in populations, 
natural selection may have higher chances to remove deleterious alleles from 
populations than in cases where all individuals in the population are the result 
of breeding between close relatives (Keller & Waller, 2002). Our data suggest 
that the paedomorphic species Ambystoma mexicanum and A. andersoni have 
evolved in isolation, and show high levels of relatedness among individuals, 
but we have no evidence that this is associated with decreases in fitness due to 
inbreeding depression. This may be due to the fact that high relatedness in this 
population has evolved gradually, making the species less susceptible to 
inbreeding depression because deleterious alleles should be rare in these 
breeding systems (Keller & Waller, 2002). This pattern does not mean that 
inbreeding does not threaten these species; overexploitation of paedomorphic 
populations that significantly reduces population sizes could potentially 
increase inbreeding above a threshold, causing reduced population fitness.
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We found two populations of the metamorphic species A. velasci (Las Vigas) 
and A. altamirani (Zempoala) that showed patterns of genetic diversity and 
relatedness sim ilar to paedomorphs; we refer to these as “effectively 
paedomorphic” because population dynamics in these two cases must be 
restricting genetic exchange among populations and limiting population sizes 
in a manner similar to paedomorphic populations. Ambystoma velasci is a 
widely distributed species that ranges from Northwestern Chihuahua and along 
the eastern slope of the Sierra Madre Occidental and southern Nuevo Leon in 
the Sierra Madre Oriental, and reaches the TVB of central Mexico at the 
southernmost extent of its range. Previous molecular studies using mtDNA and 
allozymes indicate that A. velasci is a distinct species from A. tigrinum  
(Irschick & Shaffer, 1997; Shaffer & McKnight, 2006). However, current data 
suggest that A. velasci is a paraphyletic complex of metamorphic populations, 
with some populations more closely related to paedomorphic species than to 
the rest of the populations across Mexico. Our population from Las Vigas is 
the eastern and southernmost population of the Ambystoma tigrinum complex 
and of the genus Ambystoma in Mexico, and the population genetic signatures 
we identified may be the result of isolation in this population at the edge of the 
species distribution. A comparison of the population dynamics in this and 
other A. velasci populations more central to the species range will provide an
224-
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interesting comparison of how gene flow and drift shape the distribution of 
metamorphic species in this complex landscape.
Ambystoma altamirani is distributed in the high mountains south and west of 
the Valley of Mexico in the central state of México, southern Distrito Federal, 
and northwestern Morelos. The population we sampled from streams that feed 
the ‘Lagunas de Zem poala’ was once described as a distinct species, A. 
zempoalense by Taylor and Smith (1945). This taxonomic status as a distinct 
species has now been synonimized (M aldonado-Koerdell, 1947; Reilly & 
Brandon, 1994) and is referred to as A. altamirani. Our data suggest that the 
population from Lagunas de Zempoala is a closed system without genetic 
exchange with other populations of A. altamirani. It is clear from this first 
assessment of population genetic variation of Ambystoma populations along 
the TVB that restrictions to gene flow can play an important role in the history 
of both paedomorphic and transforming species of this complex. Given the 
high levels of inbreeding found in our results, further population genetic 
comparisons among populations of A. altamirani will help guide conservation 
efforts for this species.
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Current conservation protection measures for widespread metamorphic taxa 
such as A. velasci and A. altamirani are not as stringent as those for the 
paedomorphic species, because they are considered less endangered due to 
larger distributional ranges. However, if many populations within those 
widespread species are effectively paedomorphic, and each one is threatened 
due to decreased population sizes and other anthropogenic factors, then a 
species wide collapse could occur due to the absence of any possible rescue 
effect (Waite et al., 2005). M igration among effectively paedomorphic 
populations is so low that localized extinctions will never be recolonized in the 
classic metapopulation sense. Therefore, we suggest that a more thorough 
evaluation of genetic patterns among populations of the wide-ranging 
metamorphic species will be an im portant step in decisions for their 
conservation.
The conservation genetics literature is replete with examples of inbred 
populations that show reduced reproductive fitness as a consequence of 
inbreeding depression (Bijlsma et al., 2000; Crnokrark & Roff, 1999; 
Frankham et al., 2002; Reed et al., 2002, 2003). Erosion of genetic variability 
has also been implicated in decreased resistance to diseases, including various 
cases where endangered species were threatened with extinction as a result of a
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disease outbreak (Acevedo-Whitehouse et al., 2003; Hedrick et al., 2001; Real, 
1996; Spielman et al., 2004). The link between inbreeding, reduced genetic 
diversity, and the lowered ability of populations to evolve in response to new 
pests or pathogens is particularly problematic for endangered amphibians. 
Amphibians are declining worldwide and a number of emergent pathogens 
have been implicated in population declines even in habitats that are protected 
and undisturbed (Lips et al., 2005, 2005a, 2006; Wake & Vredenburg, 2008). 
Populations of Ambystoma tigrinum  in the northern parts of the range are 
susceptible to infection by Ranavirus (Brunner et al., 2007; Picco et al., 2007), 
thus, it is possible that lowered genetic diversity may further increase 
susceptibility to disease outbreaks in the southern populations we study. Given 
the low levels of genetic diversity and high inbreeding we found among 
populations of paedomorphic and some metamorphic populations in this 
complex, future studies should focus on the interaction between population 
genetic diversity and disease susceptibility in these populations.
Our results also highlight the utility of high-resolution markers in more 
practical conservation efforts to identify and curb the illegal harvest of 
endangered species. The sample we obtained for sale at the Morelia market 
showed unambiguously that the microsatellite markers we used in this study
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can distinguish among species and even populations of Am bystom a  in the 
TVB. We could not identify the exact origin of the market samples, most likely 
because that population was not represented in our reference samples. 
However, given high assignments probabilities for all specimens of both 
paedomorphic species, we can conclusively determine that the market 
individuals were not collected from the paedomoprhic populations of A. 
m exicanum  and A. andersoni. We also found that the market individuals 
represented a mixed sample collected from at least two localities belonging to 
two independent genetic demes. The resolution of our markers to distinguish 
finer-scale population differentiation (such as regional or population level 
differences within species) should be tested in studies including more 
reference populations and species; however, it is clear from our results that 
they can clearly differentiate among most species, and some populations, 
tested thus far.
The Trans-mexican Volcanic Belt is a mountainous system with a large 
longitudinal range, and has been identified as one of the major barriers in 
North America because of its position at the limit between the Neartic and the 
Neotropics (M arshall & Liebherr, 2000). This biogeographic province, 
although relatively recent (Ferrusquia-Villafranca, 1993) is home to a large
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number of species and is also an important zone of endemism for many groups 
(Fa, 1989; Fa & Morales, 1991; Escalante et al., 2002; Monroy-Vilchis et a l,  
1999). The Mexican A m bystom a  are a recently derived species complex 
(Shaffer, 1994; Weisrock et a l ,  2006) that radiated approximately 10-12 mya 
(Shaffer, 1984) and was presumably affected by the uplift of the TVB 
(Shaffer, 1984). The group reaches its greatest taxonomic and metamorphic 
diversity in this region where 15 of the 17 species are present, adding to the 
rich fauna present in the TVB. Our results underscore how genetic isolation, 
population sizes, and life history evolution contribute to species diversification 
over relatively short evolutionary time scales. Loss of diversity and the 
habitats that contribute to this evolutionary potential may also result in reduced 
diversification of species in this complex in the future (Johanson et al, 2007; 
Reed & Frankham, 2003). The TVB is a biogeographic region with extremely 
high degree of habitat alteration due to urban and agricultural development. 
Our data show that paedomorphic and transforming populations of Ambystoma 
have persisted despite the genetic effects of isolation imposed by the 
landscape. However, anthropogenic changes, if sufficiently severe, could 
reduce population sizes to the point that this promotes the negative effects of 
genetic erosion in these populations that already show reduced genetic 
diversity and low inter-population connectivity. Conservation measures to
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maintain the persistence of Am bystom a  endemic to Mexico must take into 
account detailed population diversity, and the importance of population-level 
evolutionary processes for the continued persistence of each unique 
population.
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La aplicaciôn de técnicas moleculares ha revolucionado numerosos 
aspectos dentro de areas como la sistemâtica, la biologia evolutiva o la 
biologia de la conservaciôn, al generar nuevos conceptos o disciplinas como la 
filogeografia o la genética de la conservaciôn. La nueva perspectiva que 
otorgan estos nuevos campos de estudio permiten la reinterpretaciôn y 
validaciôn de hipôtesis previamente establecidas. En este sentido, por 
ejemplo, podemos referirnos al fuerte efecto que la sistemâtica molecular ha 
tenido y tiene sobre las decisiones taxonômicas tomadas a cualquier nivel 
jerârquico (Caterino et al., 2000). Si considérâm es una designaciôn 
taxonômica como una hipôtesis a comprobar, es habituai hoy en dia recurrir a 
datos moleculares para confirmar o poner en duda la validez de la misma. De 
este modo se puede determinar, pongamos el caso, si un género représenta una 
unidad monofilética o si una especie représenta efectivamente un linaje 
independiente y genéticamente aislado de sus congénères. Al igual que el uso 
de marcadores moleculares se usa regularmente para comprobar decisiones 
taxonômicas, también se ha convertido en una herramienta clave a la hora de 
cuestionamos prâcticamente cualquier otro tipo de hipôtesis: biogeografia, 
procesos adaptatives, procesos de especiaciôn... (Avise, 2000; Vences &
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Wake, 2007; Wiens, 2004).
A1 igual que los resultados obtenidos mediante el empleo de 
marcadores moleculares pueden ser una herramienta perfecta para el estudio 
de hipôtesis e ideas previamente establecidas, también se ban convertido en un 
importante generador de nuevas hipôtesis de estudio. Por ejemplo, como 
sugiere Buckley (2009), las inferencias filogeogrâficas no son ni mucho 
menos el punto y final de este tipo de investigaciones, si no que constituyen 
hipôtesis evolutivas que deben ser comprobadas en el campo, al igual que sus 
predicciones y los modelos planteados. Asi se consigue nueva informaciôn 
que eventualmente podrâ ser integrada en el anâlisis de datos, reevaluândose y 
replanteândose las hipôtesis analizadas. De esta forma se pretende poder 
caracterizar de forma compléta la complejidad de los sistemas estudiados. 
Entender esta complejidad es esencial, ya que la evoluciôn de estos sistemas 
no responde a leyes deterministicas si no mas bien a leyes no prescriptivas que 
definirân la esfera de posibilidades dentro de la cual el sistema puede 
evolucionar, existiendo por tanto mas de un camino o alternativa posible para 
dicha evoluciôn. La unica forma de llegar a una comprensiôn profunda de los 
procesos evolutivos sera desentranar estos factores de com plejidad e 
impredecibilidad para poder incorporarlos en los modelos de estudio.
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La definiciôn de los patrones de diversidad constituye por lo tanto el 
primer paso en el estudio de la historia evolutiva de los organismos. Estos 
patrones son especialmente informativos cuando pueden comparase con los 
obtenidos a través de diferentes marcadores. En el caso de Pseudacris regilla 
(capitulo I) nuestros datos permiten identificar la existencia de très clados 
principales que denominamos “noroccidental”, “central” y “meridional”. Estos 
très linajes, definidos mediante secuencias mitocondriales, presentan una 
distribuciôn geogrâfica concordante con los grupos previamente propuestos a 
través del anâlisis de aloenzimas (Case et al., 1975). La congruencia 
observada entre los resultados nucleares y mitocondriales supone un sôlido 
apoyo a la credibilidad de los patrones definidos, ya que frecuentemente se 
encuentran fuerte s discordancias entre marcadores, generalmente fruto de la 
estocasticidad de los procesos de coalescencia y de las peculiaridades de cada 
marcador. Por ese motivo puede ocurrir que la interpretaciôn de diferentes 
marcadores proponga diferentes versiones de la historia evolutiva de los 
organismos estudiados, por lo que a menudo se suele plantear la distinciôn 
entre “ârboles de genes” y “ârboles de especies” (Maddison, 1997). En nuestro 
caso, la similitud en los patrones observados a través de marcadores nucleares 
y mitocondriales nos permite asumir que los resultados obtenidos son en
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buena parte consecuencia de la historia evolutiva de P. regilla.
Dentro de los très clados principales observados en esta especie se 
observa una mayor subestructuraciôn dentro del clado “méridional” , présente 
en la peninsula de Baja California (México), asi como en el sur del estado de 
C alifornia y en Nevada (Estados Unidos). El estudio de patrones 
filogeogrâficos en diverses vertebrados ha puesto al descubierto la existencia 
de patrones aparentemente vicariantes entre las mitades sur y norte de Baja 
California (Riddle et al. 2000). Esta repeticion de patrones ha conllevado el 
desarrollo de una hipôtesis biogeogrâfica segùn la cual esta peninsula habria 
estado partida en dos por la existencia de un brazo de mar hace 
aproximadamente entre 1-1.6 millones de ahos (Upton & Murphy, 1997; 
Riddle et al., 2000). Nuestros datos, teniendo en cuenta la dataciôn 
aproximada de los clados, se aproximan bastante a estas edades, ya que la 
separaciôn de la subespecie ''hypochondriaca'' (mitad norte) y la subespecie 
“cwrfa” (mitad sur) se habria producido segùn nuestras estimaciones en torno 
a un millôn de ahos atrâs. Adicionalmente dentro de “cwrto” se encuentra una 
nueva divisiôn cuya antigüedad estimamos en 0.9 millones de ahos y que 
exigirîa la existencia de una barrera adicional en la zona del istmo de La Paz. 
Dada la escasa altitud de este area serra asumible la existencia aqui de otro
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brazo marino, como ya ha sido sugerido para explicar el patron de diversidad 
genética observado en saurios del género Urosaurus (Aguirre et al., 1999). 
Sin embargo, no se han encontrado evidencias geolôgicas que apoyen estas 
hipôtesis, por lo que deben considerarse altemativas para estudiar los procesos 
que han generado estos patrones. Una de estas altemativas podria ser la 
alternancia de condiciones âridas con otras mas moderadas (Savage, 1960), 
que habria producido sucesivas contracciones y expansiones de la distribuciôn 
de las diferentes especies en funciôn de sus requerimientos ecolôgicos, 
favoreciendo el aislamiento de ciertos grupos poblacionales y la formaciôn de 
patrones vicariantes.
Mas alla de los eventos biogeogrâficos que han afectado a las 
poblaciones en Baja California, la diferenciaciôn de los très linajes principales 
habria sido relativamente antigua y promovida por la compleja actividad 
orogénica acaecida en la zona durante el Plioceno, como parece haber sido el 
caso en un buen numéro de organismos existentes en la regiôn del Pacifico de 
Norteamérica (Brunsfeld et al., 2001; Calsbeek et al., 2003).
Taxonômicamente hablando, Pseudacris regilla constituia una especie 
politipica con numerosas subespecies descritas pero pobremente definidas
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(Jameson et al., 1966). En nuestro caso, teniendo en cuenta la congruencia 
observada entre los patrones mitocondriales y aloenzimâticos, proponemos un 
ajuste taxonômico por el cual Pseudacris regilla s. l. queda dividida en très 
especies correspondientes a los très linajes principales observados a nivel 
nuclear y mitocondrial. El grupo “noroccidental” mantiene el nombre de 
Pseudacris regilla, el grupo “central” pasa a llamarse P. sierra y finalmente el 
grupo “meridional” toma el nombre de P. hypochondriaca.
En nuestro estudio sobre la historia evolutiva de Hyla meridionalis 
(capitulo II) partiamos de una hipôtesis de partida clara, segùn la cual el 
Estrecho de Gibraltar actùa como una barrera efectiva que limita el flujo 
génico entre poblaciones ibéricas y norteafricanas. En esta caso también 
existian algunos datos previos al respecto. En concreto Busack (1986) habia 
estudiado poblaciones de varias especies a ambos lados del Estrecho mediante 
el anâlisis de varios loci aloenzimâticos. En el caso de Hyla meridionalis ya 
observô la existencia de flujo génico reciente, pero sus datos resultaban 
insuficientes para detallar mâs en profundidad los procesos acaecidos en los 
ùltimos 5.3 millones de ahos desde la reapertura del Estrecho. En este caso los 
resultados aloenzimâticos no son directamente comparables con nuestros 
datos mitocondriales, aunque las inferencias que se obtienen en ambos casos
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son similares en cuanto a que el Estrecho no ha actuado como una barrera 
completamente impermeable a la dispersion de la especie entre los dos 
continentes, como implica la existencia de alelos y haplotipos idénticos o muy 
parecidos en poblaciones tanto ibéricas como marroquies. La mayor 
variabilidad genética dentro de las poblaciones africanas indica que las 
poblaciones europeas son producto de colonizaciones recientes de la Peninsula 
Ibérica, un patron ya observado en otros organismos de la zona (Carranza et 
al., 2004; Cosson et al., 2005; Pleguezuelos et al., 2008).
Las poblaciones de Hyla meridionalis del norte de la Peninsula Ibérica 
y del sur de Francia comparten un ùnico haplotipo mitocondrial, el cual esta 
también présente en poblaciones del norte de Marruecos. Este patron de 
extrema homogeneidad genética sugiere una colonizaciôn muy reciente del 
norte de la Peninsula probablemente desde la costa norte de Marruecos o, 
quizâs, de Argelia, lo que implicaria la dispersion de la especie a través de 
cientos de kilomètres de mar, algo que, de forma natural, se considéra poco 
frecuente (Heany, 1986; Dobson, 1998), especialmente en anfibios, debido a 
su poca tolerancia a situaciones de alta salinidad (Vences et al., 2004). Como 
alternativa se plantea, como posible origen de estas poblaciones, el transporte 
humano, pasivo o active, de ejemplares de Hyla meridionalis que se habria
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aclimatado y expandido por los nuevos territories. El efecto de la actividad 
humana en la distribuciôn y expansiôn de especies es especialmente fuerte en 
la cuenca mediterrânea, con numerosos casos de especies que llegan a Europa 
desde Africa y viceversa, incluyendo varios casos conocidos de traslocaciôn 
de anfibios en el Mediterrâneo Occidental en varios momentos histôricos 
(Hemmer et al., 1981; Corti et al., 1999; Llorente et al., 2002).
En el caso de las poblaciones présentes en el suroeste peninsular 
también observâm es un diversidad haplotipica reducida frente a las 
poblaciones marroquies, con haplotipos muy similares présentes en ambas 
regiones pero ninguno compartido, aunque esto puede ser consecuencia del 
limitado numéro de muestras procedentes de Marruecos. De nuevo en este 
caso las hipôtesis explicativas de este patrôn serf an bien un origen natural, 
atravesando el Estrecho en alguna balsa de vegetaciôn a la dériva, bien un 
origen humano, voluntario o no.
Las poblaciones Europeas de la especie, después de su llegada reciente, 
parecen haberse expandido con rapidez, aunque parecen existir algunos 
factores que limitan su avance. Por ejemplo, el Sistema Central aparentemente 
actùa como una barrera que limita la dispersiôn hacia el norte de la especie
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(Merchân et al., 2005). Ademâs, la presencia de posibles competidores como 
Hyla arborea o H. intermedia podria ser un factor limitante para la expansion 
de H. meridionalis, lo que explicaria la distribuciôn prâcticamente parapâtrica 
de estas especies tanto en la Peninsula Ibérica como en el Sur de Francia e 
Italia.
Entre las poblaciones marroquies se observa la existencia de al menos 
très clados bien d iferenciados que probablem ente se originarian 
alopâtricamente en refugios situados en los diferentes sistemas montanosos 
durante los cambios climâticos del Pleistocene.
En cuanto a las poblaciones présentes en el archipiélago canario la 
hipôtesis generalmente reconocida es que son fruto de una introducciôn 
humana, ya que se considéra muy poco probable la existencia de anfibios 
autôctonos en islas oceânicas (Vences et al., 2004). Nuestros resultados 
apoyan esta hipôtesis, sin embargo no aportan suficiente informaciôn sobre el 
origen concreto de esta introducciôn, que podria haberse realizado tanto desde 
la Peninsula Ibérica como desde Marruecos. Séria recomendable aplicar otro 
tipo de marcador de evoluciôn mâs râpida, por ejemplo microsatélites, para 
profundizar en las raices de este asunto.
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Uno de los temas que mâs interés ha despertado en el campo de la 
filogeografia es el del efecto de las glaciaciones pleistocénicas en los patrones 
de diversidad de los organismos (Taberlet, 1998; Hewitt, 2000). La 
acumulacion de estudios particulares con diferentes tipos de organismos han 
llevado a la definiciôn de algunos modelos générales como por ejemplo el de 
“refugios dentro de refugios” (Gômez & Lundt, 2006) descrito para la 
Peninsula Ibérica. En el caso de Lissotriton helveticus (capitulo III) los 
cambios climâticos asociados a los ciclos glaciales han sido déterminantes a la 
hora de establecer los actuales patrones de diversidad genética. Los linajes 
mitocondriales observados se habrian diferenciado segùn nuestras estimas 
durante el Pleistocene medio y superior, probablemente por alopatria como 
consecuencia del aislamiento poblacional favorecido por los mencionados 
cambios climâticos, traducidos en una fragmentaciôn del hâbitat ôptimo para 
la especie. Podemos considerar, sin embargo, que estos linajes pleistocénicos 
son relativamente jôvenes, si tenemos en cuenta que la edad de esta especie se 
sitùa en torno a 20 millones de ahos (Babik et al., 2005) y que otras especies 
del género, como L. boscai y L. vulgaris presentan linajes diferenciados desde 
el Plioceno e incluso el Mioceno (Babik et al., 2005; Martmez-Solano et al., 
2006).
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La ausencia de linajes antiguos, pre-pleistocénicos, représenta una 
diferencia notable en comparaciôn con los organismos tipicamente incluidos 
dentro del modelo "refugios dentro de refugios" (Gômez & Lundt, 2006). Esta 
ausencia podria haberse producido simplemente por la extinciôn de los linajes 
ancestrales. Otra alternativa es que, en realidad, la colonizaciôn de la 
Peninsula Ibérica por parte de Lissotriton helveticus tuvo lugar, favorecida por 
el progresivo enfriamiento del clima, durante el Pleistocene, motivo por el 
cual estas poblaciones no pueden albergar linajes mâs antiguos, que de haber 
sobrevivido, deberian encontrarse en la zona de especiaciôn de L. helveticus, 
probablemente situada en algùn lugar en el centre o el noroeste de Europa, 
como sugiere el registre fôsil de la especie (Holman, 1998; Rage & Bailon, 
2005; Ivanov, 2007). Sin embargo estas regiones fueron barridas por las 
glaciaciones, provocando la extinciôn de las poblaciones mâs antiguas de L. 
helveticus y una depauperaciôn de su diversidad intraespecifica, de la que sôlo 
persiste la acumulada desde el Pleistocene en el tercio norte de la Peninsula. 
Los genes nucleares analizados muestran una variabilidad genética aun mener 
que los mitocondriales y ademâs no presentan una clara estructura geogrâfica. 
Este patrôn seguramente es consecuencia de la lenta tas a de substituciôn de 
estos genes y también de la existencia de cierto nivel de flujo génico entre los
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diferentes grupos, algo lôgico si pensâmes que se trata de una especie de 
distribuciôn prâcticamente continua.
En la actualidad Lissotriton helveticus se extiende ampliamente por el 
norte de los Pirineos, hasta el este de Alemania y la Repùblica Checa, asi 
como por la mayor parte de la isla de Gran Bretana. Nuestros datos sugieren 
que la recolonizaciôn de estos territories es muy reciente, acaeciendo muy 
probablemente durante el Holoceno a consecuencia de la suavizaciôn de las 
condiciones clim âticas générales y se habria producido, dadas las 
caracteristicas de dispersiôn de este tipo de especies, como una expansiôn 
continua del ârea de distribuciôn desde las poblaciones ibéricas. La 
recolonizaciôn de Gran Bretana se debiô producir antes de la compléta 
apertura del Canal de la Mancha, hace unos 7500 ahos (Sanchiz, 2002).
Résulta sorprendente que, en vista de la capacidad de dispersiôn 
mostrada por esta especie, no haya sido capaz de expandirse mâs ampliamente 
en la Peninsula Ibérica, ocupando zonas de hâbitat favorable como podria ser 
el Sistema Central. Esto podria explicarse en parte por su limitada capacidad 
para medrar en medios tipicamente mediterrâneos. Sin embargo, en zonas 
favorables como Galicia o el norte de Portugal se trata de una especie mucho
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mâs escasa de lo esperable. Se trata de una zona de simpatria entre Lissotriton 
h elveticus  y L. boscai, especies que presentan un patron de reemplazo 
progresivo. Hacia el oeste y el sur L. helveticus se va rarificando hasta 
desaparecer, quedando sôlo L. boscai. Al contrario, al moverse hacia el este a 
lo largo de la Cornisa Cantâbrica L. helveticus va convirtiéndose en la especie 
dominante y es L. boscai la especie que acaba desapareciendo. Este patrôn de 
reemplazo se observa también entre L. helveticus y L. vulgaris en el centro de 
Europa (Zuiderwijk, 1980), lo que parece indicar la existencia de algùn tipo de 
interacciôn competitiva entre especies del género Lissotriton.
La diferenciaciôn de las especies de L isso triton  parecen deberse 
principalmente a procesos alopâtricos, como parece ser la norma general en la 
mayor parte de casos dentro de la clase Amphibia (Vences & Wake, 2007). 
Sin embargo, los patrones de diversidad observados en este grupo de tritones 
parecen responder ademâs a una serie de factores adicionales. Entre éstos 
destacarian la persistencia de poblaciones ancestrales, la capacidad de 
colonizaciôn de nuevos territorios, el grado de interacciôn competitiva con 
otras especies y por supuesto los tamanos poblacionales efectivos, algo que 
puede ser déterminante para los otros factores.
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Los patrones de diversidad genética observados en Lissotriton nos 
permiten plantear dos modelos que caracterizan a las especies présentes en 
Europa, que referimos como especies tipo “S” y especies tipo “R”. Las 
primeras se ajustan al patron observado en L. boscai (Martmez-Solano et al., 
2006) y se trata de especies que han mantenido su presencia en al menos parte 
de su distribuciôn ancestral, zonas que actùan como santuarios, por lo que se 
caracterizarian por la persistencia de linajes filogenéticos profundos y una 
variabilidad genética fuertemente estructurada. Dentro de este tipo de especie 
podemos encontrar ejemplos como Chioglossa lusitanica, Salamandra 
salamandra o Alytes obstetricans (Alexandrino et al., 2000; Garcia-Paris et 
al., 2003; Martmez-Solano et al., 2004). Las especies de tipo “R” se ajustan al 
patrôn observado en L. helveticus y se trata de especies que han sufrido 
drastic as extinciones en sus areas de distribuciôn ancestrales, perviviendo sôlo 
en zonas periféricas que han actuado como refugios. Como consecuencia de 
esas extinciones estas especies presentan una variabilidad genética reciente y a 
menudo poco estructurada. Como ejemplos de este tipo de especies podemos 
citar casos como el de Bufo calamita o Apodemus sylvaticus (Michaux et al., 
2003; Rowe et al., 2006).
Uno de los proceso evolutivos mâs interesantes y a la vez dificil de
-270
D i s c u s i ô n  g e n e r a l
estudiar es el de las radiaciones, en las cuales la diferenciaciôn de linajes y la 
especiaciôn ocurre en un breve intervalo de tiempo, por lo que résulta 
extrem adam ente dificil reconstruir de forma fehaciente las relaciones 
filogenéticas, encontrando frecuentemente problemas como falta de monofilia 
en grupos bien caracterizados morfolôgicamente o también observar fuertes 
discrepancias en los patrones résultantes al analizar diferentes marcadores. 
Los estudios filogeogrâficos en este contexto son de dificil interpretaciôn y 
especialmente diffciles de plantear en el caso de especies amenazadas y cuya 
distribuciôn natural ha sido profundamente alterada por acciôn del hombre. 
Este es el caso de Ambystoma mexicanum y demâs congénères mexicanos del 
complejo A. tigrinum (capitulos IV, V y VI). La sistemâtica de este grupo de 
especies ha sido siempre problemâtica debido a la escasez de caractères 
morfolôgicos adecuados y a la escasa diferenciaciôn genética observada tanto 
a nivel mitocondrial como en aloenzimas. Todos los intentos por resolver las 
relaciones filogenéticas de estas especies han dado pobres resultados (Shaffer, 
1984; Shaffer & M cKnight, 1996; W eisrock et al., 2006). Uno de los 
principales problemas es la falta de monofilia de muchas de las especies que 
integran el complejo. Este hecho, como ocurre en otras radiaciones de 
especies (Takahashi et al., 2001) podria ser una consecuencia de un 
ordenamiento de linajes incomplete. Sin embargo también podria ser el
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resultado de la existencia de flujo genético entre especies bien diferenciadas 
desde un punto de vista morfolôgico y ecologico.
En el caso concreto de Am bystom a m exicanum , nuestros datos 
mitocondriales incrementan considerablemente los datos conocidos para esta 
especie, al incluir ejemplares de todas las poblaciones silvestres conocidas. 
Estos nuevos datos reflejan que la falta de monofilia, a nivel mitocondrial, 
afecta también a esta especie, ya que los cinco haplotipos encontrados en 
especimenes de A. mexicanum  se colocan en distintos puntos del ârbol 
filogenético del grupo de especies, asociândose con haplotipos de A. velasci, 
A. amblycephalum y A. ordinarium. Debido a la disparidad de estos patrones y 
las reducidas diferencias genéticas observadas es lôgico achacar estas variadas 
relaciones entre especies a un incomplete ordenamiento de linajes, pero no 
séria descartable la existencia de poblaciones simpâtricas de A. mexicanum  y 
A. velasci y por tanto de procesos de hibridaciôn entre estas especies.
Para profundizar en este asunto se plantea la necesidad de una 
compléta caracterizaciôn de las poblaciones, para lo cual ha sido necesario el 
desarrollo de marcadores moleculares apropiados, en nuestro caso varios loci 
de microsatélites que son aplicables no sôlo a las poblaciones de A.
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mexicanum  si no también a las de especies relacionadas. Nuestros resultados 
indican que tanto A. m exicanum  como las otras especies pedomorficas 
estudiadas presentan poblaciones aisladas genéticamente y que la introgesiôn 
con otras especies no pedomorficas es muy reducida, reforzando la hipotesis 
de una evoluciôn independiente en cada lago promovida posiblemente por la 
fijaciôn de las formas néoténie as (Shaffer, 1994). Sin embargo, el patron de 
baja diversidad genética esperable en la poblaciones pedomorficas esta 
también présente en otras especies con metamorfosis, indicando también un 
cierto grado de aislamiento con otras poblaciones y pequenos tamanos 
poblacionales. Las poblaciones estudiadas se sitùan bien en zonas âridas, bien 
en zonas de alta montaha. La existencia de amplias zonas intermedias con 
condiciones ambientales no propicias podria impedir un flujo génico continuo 
con otras poblaciones.
Nuestros resultados tienen relevancia en lo concerniente a la 
conservaciôn de estas especies. Si el aislamiento y empobrecimiento genético 
se trataran de rasgos generalizables al resto de poblaciones y especies, habria 
que tenerlos muy en cuenta en cualquier estrategia de conservaciôn, ya que 
cualquier agresiôn sobre estas poblaciones podria llevar a su compléta 
desapariciôn, sin esperanzas de una futura recolonizaciôn natural desde otras
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poblaciones. Ademâs, la ampliaciôn de este tipo de estudio a otras poblaciones 
y especies permitirân définir de forma mas précisa los procesos évolutives, 
adaptatives y alopâtricos, que ban generado la diversidad de este grupo.
-274-
D i s c  u s i o n  t r c n e r a l
Bibliografia
Aguirre, G. L., Morafka, D. J. y Murphy, R. W. (1999) The peninsular 
archipelago of Baja California: a thousand kilometers of tree lizard 
genetics. Herpetologica, 55: 369-381.
Alexandrine, J., Froufe, E., Arntzen, J. W. y Ferrand, N. (2000) Genetic 
subdivision, glacial réfugia and postglacial recolonization in the 
golden-striped  salam ander, C hioglossa lusitanica  (Amphibia: 
Urodela). Molecular Ecology, 9, 771-781.
Avise, J. C. (2000) Phylogeography. The history and formation o f species. 
Harvard University Press. Cambridge, Massachusetts.
Babik, W., Branicki, W., Crnobrnja-Isailovie, J., Cogalniceanu, D., Sas, I., 
Olgun, K., Foyarkov, N. A., Garcia-Paris, M. y Arntzen, J. W. (2005) 
Phylogeography of two European newt species. Discordance between 
mtDNA and morphology. Molecular Ecology, 14: 2475-2491.
Brunsfeld, S. J., Sullivan, J., Soltis, D. E. y Soltis, P. S. (2001) Comparative 
phylogeography of Northwestern North America: A synthesis. En: 
Silvertown, J. y Antonovics, J. (eds) Integrating ecological and 
evolutionary processes in a spatial context, pp. 319-339. Blackwell 
Science, Oxford.
-275 -
D i s c  i isi( ') i i  '»c i r t ; i 1
Buckley, D. (2009) Toward an organismal, integrative, and iterative 
phylogeography. BioEssays, 31 (7): 784-793.
Busack, S. D. (1986) Biogeographic analysis of the herpetofauna separated by 
the formation of the Strait of Gibraltar. National Geographic Research, 
2: 17-36.
Calsbeek, R., Thompson, J. N. y Richardson, J. (2003) Patterns of molecular 
evolution and diversification in a biodiversity hotspot: the California 
Floristic Province. Molecular Ecology, 12: 1021-1029.
Carranza, S., Arnold, E. N., Wade, E. y Fahd, S. (2004) Phylogeography of 
the false smooth snakes, Macroprotodon  (Serpentes, Colubridae): 
mitochondrial DNA sequences show European populations arrived 
recently from northw est Africa. M olecular Phylogenetics and 
Evolution, 33: 523-532.
Case, S. M., Haneline, P. G. y Smith, M. F. (1975) Protein variation in several 
species of Hyla. Systematic Zoology, 24: 281-295.
Caterino, M. S., Cho, S. y Sperling, F. A. H (2000) The current state of insect 
molecular systematics: A thriving Tower of Babel. Annual Review o f  
Entomology, A5\ 1-54.
Corti, C., Masseti, M., Delfino, M. y Pérez-Mellado, V. (1999) Man and 
herpetofauna of the M editerranean islands. Revista Espahola de
-276-
D i s c u s i o n  u i n c n U
Herpetologfa, 13: 83-100.
Cosson, J. F., Hutterer, R., Libois, R., Sara , M., Taberlet, P. y Vogel, P. 
(2005) Phylogeographical footprints of the Strait of Gibraltar and 
Quaternary climatic fluctuations in the western Mediterranean: a case 
study with the greater w hitetoothed shrew, Crocidura russula 
(Mammalia: Sonc\d?i€). Molecular Ecology, 14: 1151-1162.
Dobson, M. (1998) Mammal distributions in the western Mediterranean: the 
role of human intervention. Mammal Review, 28: 77-88.
Garcia-Paris, M., Alcobendas, M., Buckley, D. y Wake, D. B. (2003) 
Dispersal of viviparity across contact zones in Iberian populations of 
fire salamanders {Salamandra) inferred from discordance of genetic 
and morphological traits. Evolution, 57: 129-143.
Gomez, A. y Lundt, D. H. (2006) Réfugia within réfugia: patterns of 
phylogeographic concordance in the Iberian Peninsula. En Weiss, S y 
Ferrand, N. (eds) Phylogeography in Southern European Réfugia: 
Evolutionary Perspectives on the Origins and Conservation o f  
European Diversity, pp 155-182. Amsterdam, The Netherlands: 
Springer.
Heaney, L. R. (1986) Biogeography of mammals in southeast Asia: estimates 
of rates of colonization, extinction and spéciation. Biological Journal
-277-
D i s c u s i o n  s i c n c r a !
o f the Linnean Society, 28: 127-165.
Hemmer, H., Kadel, B. y Kadel, K. (1981) The Balearic toad {Bufo viridis 
ba learicus  (Boettger, 1881)), human Bronze Age culture, and 
Mediterranean biogeography. Amphibia-Reptilia, 2: 217-230.
Hewitt, G. M. (2000) The genetic legacy of the Quaternary ice ages. Nature, 
405: 907-913.
Holman, J. A. (1998) Pleistocene amphibians and reptiles in Britain and 
Europe. Oxford Univ. Press.
Ivanov, M. (2007) Herpetological assemblages from the Pliocene to middle 
P leistocene in Central Europe: palaeoecological significance. 
Geodiversitas, 29: 297-320.
Jameson, D. L., Mackey, J. P. y Richmond, R. C. (1966) The systematics of 
the Pacifc tree frog, Hyla regilla. Proceedings o f the California 
Academy o f Sciences, 33: 551-620.
Llorente G. A., Montori A., Santos X. y Carretero M. A. (2002) Discoglossus 
pictus (Otth, 1837) Sapillo pintojo mediterraneo. En: Pleguezuelos, J. 
M., Marquez, R. y Lizana, M (eds) Atlas y Libro Rojo de los Anfibios 
y Reptiles de Espana, 2a impresion, pp. 91-93. Direccion General de 
Conservaciôn de la Naturaleza-Asociaciôn Herpetolôgica Espahola, 
Madrid.
-2 7 8  -
D i s c u s i o n  g e n e r a l
Martmez-Solano, I., Gonçalves, H. A., Arntzen, J. W. y Garcia-Paris, M. 
(2004) Phylogenetic relationships and biogeography of midwife toads 
(Discoglossidae: Alytes). Journal o f Biogeography, 31: 603-618.
Martmez-Solano, I., Teixeira, J., Buckley, D. y Garcia-Paris, M. (2006) 
Mitochondrial DNA phylogeography of Lissotriton boscai (Caudata, 
Salmandridae): evidence for old, multiple réfugia in an Iberian 
endemic. Molecular Ecology, 15: 3375-3388.
Maddison, W. P. (1997) Gene trees in species trees. Systematic Biology, 46: 
523-536.
Merchan, T., Sillero, N., Lizana, M. y Fontana, F. (2005) Nuevos hallazgos de 
la ranita meridional {Hyla meridionalis) en la provincia de Salamanca. 
Boletm de la Asociacion Herpetologica Espahola, 15: 81-85.
Michaux, J. R., Magnanou, E., Paradis, E., Nieberding, C. y Libois, R. (2003) 
M itochondrial phylogeogrpahy o f the woodm ouse {Apodemus 
sylvaticus) in the Western Paleartic region. Molecular Ecology, 12: 
685-697.
Pleguezuelos, J. M., Fahd, S. y Carranza, S. (2008) El papel del Estrecho de 
Gibraltar en la conformacion de la actual fauna de anfibios y reptiles en 
el Mediterraneo Occidental. Boletm de la Asociacion Herpetologica 
Espahola, 19: 2-17.
279-
D i s c u s i o n  i i c t i c r a l
Rage, J. C. y Ballon, S. (2005) Amphibians and squamate reptiles from the 
late early Miocene (MN 4) of Béon 1 (Montréal-du-Gers, southwestern 
France). Geodiversitas, 27:413-441.
Riddle, B. R., Hafner, D. J., Alexander, L. F. y Jaeger, J. R. (2000) Cryptic 
vicariance in the historical assembly of a Baja California Peninsular 
Desert biota. Proceedings o f the National Academy o f Sciences o f the 
USA, 97: 14438-14443.
Rowe, G., Harris, D. J. y Beebee, T. J. C. (2005) Lusitania revisited: A 
phylogeographic analysis of the natterjack toad Bufo calamita across 
its entire biogeographical range. M olecular Phylogenetics and 
Evolution, 39: 335-346.
Sanchiz, B. (2002) La herpetofauna de la Atlantida: un ensayo critico sobre 
paleobiologia espacial. Revista Espahola de Herpetologfa, vol. esp. 
2002: 5-15.
Savage, J. M. (I960) Evolution of a peninsular herpetofauna. Systematic 
Zoology,9: 184-212.
Shaffer, H. B. (1984) Evolution in a paedom orphic lineage. I. An 
electrophoretic analysis of the Mexican ambystomatid salamanders. 
Evolution, 38: 1194-1206.
Shaffer, H. B. (1994) Phylogenetics of model organisms: the laboratory
-280-
D i s c i i s i o n  g e n e r a l
axolotl, Ambystoma mexicanum. Systematic Biology, 42: 508-522.
Shaffer, H. B. y McKnight, M. L. (1996) The polytypic species revisited: 
genetic differentiation and molecular phylogenetics of the tiger 
salam ander Am bystom a tigrinum  (Amphibia: Caudata) complex. 
Evolution, 50: 417-433.
Taberlet, P., Fumagalli, L., W ust-Saucy, A. G. y Cossons, J.F. (1998) 
Comparative phylogeography and postglacial colonization routes in 
Europe. Molecular Ecology, 7: 453-464.
Takahashi, K., Terai, Y., Nishida, M. y Okada, N. (2001) Phylogenetic 
relationships and ancient incomplete lineage sorting among cichlid 
fishes in Lake Tanganyika as revealed by analysis of the insertion of 
retroposons. Molecular Biology and Evolution, 18: 2057-2066.
Upton, D. E. y Murphy, R. W. (1997) Phylogeny of the side-blotched lizards 
(Phrynosomatidae: Uta) based on mtDNA sequences: support for a 
midpeninsular seaway in Baja California. Molecular Phylogenetics and 
Evolution, 8: 104-113.
Vences, M., Kosuch, J., Rodel, M. O., Letters, S., Channing, A., Glaw, F. y 
Bohme, W. (2004) Phylogeography of Ptychadena mascareniensis 
suggests transoceanic dispersal in a widespread African-Malagasy frog 
lineage. Journal o f Biogeography, 31: 593-601.
-281 -
D i s c  u s i o n  y c i i c r a !
Vences, M. y Wake, D. B. (2007) Spéciation, species boundaries and 
phylogeography of amphibians. En: Heatwole, H. H. y Tyler, M. (eds.) 
Amphibian Biology, Vol. 6, Systematics: pp. 2613-2669. Surrey Beatty 
& Sons. Chipping Norton, Australia.
Weisrock, D. W., Shaffer, H. B., Storz, B. L., Storz, S. R. y Voss, S. R. (2006) 
M ultiple nuclear gene sequences identify phylogenetic species 
boundaries in the rapidly radiating clade of Mexican ambystomatid 
salamanders. Mo/ecw/«r E'co/ogy, 15: 2489-2503.
Wiens, J. J. (2004a) What is spéciation and how should we study it? The 
American Naturalist, 163 (6): 914-923.
Zuiderwijk, A. (1980) Amphibians distribution patterns in Western Europe. 
Bijdragen tot de Dierkunde, 50: 52-72.





2 8 6 -
( o n t l u s i o n e s
A continuacion se resumen las principales conclusiones extraidas de los 
diferentes estudios presentados en esta tesis doctoral. El orden en que se 
presentan respeta el orden establecido por los diferentes capitulos.
Filogeografia de Pseudacris regilla (Anura: Hylidae)
1- Pseudacris regilla s. I. représenta en realidad un complejo de especies
distribuido a lo largo de buena parte de la costa oeste de Norteamérica. 
Estas especies son P. regilla en el norte, P. sierra en la zona centro y P. 
h y p o c h o n d r ia c a  en el sur y ban sido definidas a partir de la 
concordancia observada entre datos mitocondriales y nucleares.
2 - La diferenciacion de los tres linajes se habria producido por
fragmentacion alopatrica, a consecuencia de la orogenesis de los 
sistemas montanosos de la zona durante el Plioceno.
3- Las poblaciones de Baja California presentan una estructuracion
genética mas definida que el resto, con linajes diferenciados durante el 
Pleistocene. Los patrones observados en esta zona son compatibles con 
la antigua presencia de hipotéticos brazos de mar dividiendo la 
peninsula y que explicarian la continua aparicion de patrones
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vicariantes especialmente en el centro de la misma. Esta hipotesis, sin 
embargo, requiere dc mas estudio y no deben descartarse otras 
posibilidades, como el efecto de los cambios climaticos pleistocénicos 
en esta zona.
Filogeografia de Hyla meridionalis (Anura: Hylidae)
4- La especie se caracteriza por la existencia de dos linajes antiguos: un 
linaje oriental formado por las poblaciones de la especie localizadas en 
el Este de su distribuciôn, en Tùnez, y un linaje occidental formado por 
las poblaciones présentes en Europa y Marruecos, asi como en las Islas 
Canarias. La extension de ambos linajes en Argelia es aùn desconocida.
5- Dentro del grupo occidental se distinguen tres linajes mas recientes 
probablemente originados en alopatria durante el Pleistoceno, como 
consecuencia de los cambios climaticos y el acantonamiento de la 
especie en refugios situados en los sistemas montanosos marroquies.
6- El origen de las poblaciones Europeas es reciente e independiente de 
los avatares historicos del Estrecho de Gibraltar. Muy probablemente la 
colonizacion de estos territories habria sido facilitada por la acciôn 
humana, bien por introducciones voluntarias bien accidentales.
- 2 8 8 -
C o n c U i s i o n e s
7 - Las poblaciones ibéricas estan separadas geograficamente en dos
grupos, uno en el noreste y otro en el suroeste. Ambos grupos 
poblacionales tienen ongenes independientes, como demuestran su 
adscripcion a diferentes dados mitocondriales.
8- Las poblaciones canarias también son de origen reciente, pero no
podemos determinar si provienen de Marruecos o de la Peninsula 
Ibérica. Nuestros resultados apoyan la hipotesis de una introduccion 
humana, posiblemente activa dada su presencia en todas las islas del 
archipiélago.
9 - La expansion de H yla m erid iona lis  en Europa parece estar 
condicionada por la presencia de poblaciones asentadas de otras 
especies del género, como H. arborea e H. intermedia. En la actualidad 
estas tres especies presentan distribuciones basicamente parapatricas 
con pequenas areas puntuales de simpatria.
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Filogeografia de Lissotriton helveticus (Caudata: Salamandridae)
10- Lissotriton helveticus présenta una diversidad genética intraespecifica 
relativamente reciente en comparacion con lo observado en otras 
especies del mismo género. Dentro de L. helveticus se pueden distinguir 
varios linajes mitocondriales cuya antigiiedad se remonta al Pleistoceno 
Medio y Superior.
11- La ausencia de linajes ancestrales en L. helveticus marca las diferencias 
principales con las especies tipicamente incluidas en el modelo de 
“refugios dentro de refugios”. Encuadramos a L. helveticus dentro de 
las especies tipo “R”, aquellas cuya reducida diversidad actual es la que 
se localiza en poblaciones periféricas que ban actuado como auténticos 
refugios. Las especies tipo “S”, como por ejemplo L. boscai, incluyen 
aquellas en las que se ha conservado su diversidad ancestral en areas 
estables que actuan como santuarios.
12- Los patrones observados para los genes nucleares difieren de los 
obtenidos a través de genes mitocondriales. Estas diferencias podrian 
estar causadas por la lenta tasa de substitucidn de los genes nucleares y 
su incompleta ordenacion de linajes, ademâs de un cierto grado de flujo 
génico entre los grupos poblacionales.
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13- Lissotriton helveticus présenta areas de simpatria con L. boscai y L . 
vulgaris, en las que se observa un progresivo reemplazo de especies, 
sugiriendo la existencia de algun tipo de interacciôn competitiva entre 
estas. Los patrones de diversidad en las especies de Lissotriton estarian 
condicionados por factores taies como la persistencia de poblaciones 
ancestrales, la capacidad de colonizacion de nuevos territorios, el grado 
de competencia con otras especies y el tamano poblacional efectivo.
Filogeografia de Ambystoma mexicanum (Caudata: Ambystomatidae)
14- Se confirm a la existencia de una tercera poblaciôn silvestre de 
Ambystoma mexicanum, en un sistema acuâtico seminatural ubicado en 
el Bosque de Chapultepec, dentro del entorno urbano del Distrito 
Federal, México.
15- La diversidad mitocondrial de la especie es muy reducida y aparece de 
forma polifilética en las reconstrucciones filogenéticas. Esta falta de 
m onofilia es habituai en las radiaciones evolutivas y parece 
consecuencia de una ordenacion incompleta de linajes.
16- La utilizacion de microsatélites permite una caracterizaciôn detallada 
de la estructura genética poblacional y pueden ser aplicados para
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profundizar en los procesos evolutivos, la sistematica y la biologia de la 
conservaciôn del grupo.
17 - Las poblaciones pedom ôrficas se caracterizan por una reducida
diversidad genética consecuencia de su aislamiento y de cuellos de 
botella poblacionales.
18- Las poblaciones no pedomôrficas incluidas en el estudio presentan una 
diversidad genética équivalente a la de las especies pedomôrficas, 
indicando un notable aislamiento poblacional posiblemente causado por 
las condiciones ambientales y también por la alteraciôn del habitat.
Conclusiones générales. El aporte de datos moleculares a escala poblacional
permite;
19- Resolver problemas taxonômicos derivados de la falta de caractères 
morfolôgicos claramente diagnôsticos o, en el caso contrario, de la 
existencia de una elevada diversidad fenotfpica.
20- Determinar el origen y antigiiedad de las poblaciones y detectar 
poblaciones introducidas, lo que puede resultar de gran relevancia a la 
hora de desarrollar planes de gestiôn y protecciôn de especies.
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21 - Desarrollar modelos générales explicativos sobre los patrones de 
diversidad genética.
2 2 -  C aracterizar los grados de aislam iento y conectividad entre 
poblaciones, las zonas de contacte y grado de introgresiôn entre linajes, 
los tiempos de diversificacion de las especies, etc. Estos aspectos son 
una parte esencial en estudios de biologia evolutiva, biogeografia, 
sistematica, biologia de la conservaciôn, etc.
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